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SYNOPSIS

With increasing congestion in civil land mobile radio networks, 

communication authorities are looking to data transmission as an aid 

to spectrum conservation. It is often difficult, however, to establish 

a satisfactory communication channel, particularly for data, because 

of the variability of the received signal and ignition interference.

The object of this work is to investigate how quasi-synchronous operation 

of two or more transmitters can improve the quality of the received 

signal.

A major problem with quasi-synchronous operation is the interactions 

between the transmissions which cause periodic nulls in the resultant 

when equal or near equal signals are received. Sideband Diversity is a 

technique which utilises the redundancy of double sideband amplitude 

modulated signals to overcome interactions between the transmissions 

thereby allowing the diversity advantage offered by multi-transmitter 

operation to be realised.

Theoretical improvements in the distribution of the received signal 

in the presence of multipath propagation are presented for both long and 

short base line transmitters. The maximum improvement occurs when 

equal mean signals are received from the various transmitters, but a 

significant improvement is still evident when the mean transmissions 

differ by 20dB. Additionally, in a long base line scheme the slow, or 

long term, fading of the various transmissions will be uncorrelated and 

hence a further improvement in signal distribution is achieved.

11



Extensive field trials to study the effectiveness of sideband 

diversity in improving the bit error rate of data transmission to 

vehicles have been carried out for both FSK and DPSK data modulation 

methods. Improvements in error performance of between one and two 

orders of magnitude have been measured. The residual errors after 

sideband diversity has been applied are heavily dependent upon ignition 

interference.
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1. INTRODUCTION

Mobile radio allows communication between people in locations 

which are outside the limits of direct speech and the land telephone 

system. Traditionally, due to their size and weight, the mobile 

equipments have been mounted in vehicles, however technological advances 

have enabled equipments to be produced which are sufficiently compact 

to enable them to be carried conveniently about the person. There is 

now an increasing use of personal radio, where the requirement is to 

communicate directly with the individual. The benefits to an 

organisation which uses mobile radio effectively are numerous. They 

include, more efficient use of vehicles leading to a reduction in the 

number of vehicles and staff required, lower overall fuel consumption 

and greater efficiency in the use of manpower and equipment arising from 

instant management control.

The conservation of fuel by the more efficient use of vehicles 

is important not only to the operator but, in view of the limited 

supply of fossil fuels, to the community as a whole. A further benefit 

to the community is the increased effectiveness of the public safety 

organisations, namely Police, Fire and Ambulance services, made possible 

by the use of mobile radio.

The number of licensed users of land mobile radio equipment has 

risen dramatically in the last few decades. The average annual growth 

rate in private mobile licences issued in the United Kingdom over the 

period 1965-1975 was 15^ and a conservative 10^ per annum growth rate 
up to the year 2000 has been predicted (l). However, the portion of 

the radio frequency spectrum available for use by land mobile radio
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is severely restricted and the increasing demand for radio channels 

has caused successive reduction of channel bandwidth to 12.5KHz at 

VHF (68-1T4MHz ) and 25KHz at UHF (425-4TOMHz ). Virtually all new UHF 

equipments are being developed for 12.5KHz working and feasibility 

studies of 6.25KHz AM and single sideband operation in the VHF and 

UHF bands are being conducted currently. Many small users have a 

relatively low level of channel utilisation and, since most messages 

are short, spectrum occupancy can be reduced by channel sharing 

facilities using selective calling and/or dynamic channel allocation.

Extension of the coverage area is important to many of the 

major users, but to overcome the range limitation of a single trans

mitter by multiple radio channel schemes is costly in spectrum and 

spectrum utilisation. When a channel spacing of 50KHz was used this 

problem was overcome by using multiple transmitters with staggered 

frequencies which are all within the channel bandwidth of the associated 

receiver, but frequency spaced such that the carrier beat note frequency 

was above the audio passband (2). This technique clearly cannot be 

used at 12.$KHz channel spacing because of the restricted available 

bandwidth. More recently quasi-synchronous operation at VHF has been 

proposed (3) and a number of successful AM schemes established (4), 

although technical limitations have until now prevented its widespread 

development for FÎÎ except for certain specialised applications. Such 

schemes allow extremely large areas to be served by a single 12.5KHz 

channel using as many transmitters as are required to produce adequate 

signal levels within the service area. The only factor determining 

the number of channels required by a user is the traffic density on 

the particular scheme.
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Besides the problems of congestion and pollution of the 

available frequency spectrum, a mobile radio channel suffers from • 

two major impairments; these are signal fading and, particularly on 

the forward path, ignition noise. Experimental work has shown 

that for a stationary vehicle receiving a weak signal of lyV, 

approximately 20^ of vehicles will cause serious ignition interference, 

while at lOpV only 5^ of vehicles will do so. A very small percentage 

of vehicles radiate extremely high levels of ignition noise and are 

capable of interfering with a mobile receiving a relatively strong 

signal of 100yV(5).

Propagation between base station and mobile is seldom by line 

of sight path, but by many paths due to local scattering of the 

signals. As a consequence of this, the amplitude and phase of the 

received signal vary in a random fashion as the vehicle moves. The 

signal may be expected to have a Rayleigh distributed amplitude, with 

fades of 30dB below the median value occurring frequently, and a 

uniformly distributed phase angle (6). This has been confirmed 

experimentally for a vehicle moving around a small area (7,8). As 

the vehicle makes a larger move from one location to another there 

is a change,of structures and terrain which cause a slow variation in 

the mean level of the rapid Rayleigh fading.

Traditionally civil land mobile radio has been almost exclusively 

concerned with voice communication and, because of the high redundancy 

of speech (9), satisfactory communications can usually be established 

despite the channel impairments of signal fading and ignition noise. 

However, there is a growing demand for two-way, medium speed data 

communication between the base station and mobile. Transmission of
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routine messages, such as vehicle position and status, in digital 

form is faster than using speech and messages can he stored and 

transmitted automatically when the channel is clear, thus allowing 

greater utilisation of the radio channel and thereby reducing the 

demand for additional frequency allocation. Data transmission can 

also provide rapid selective calling and vehicle identification, the 

transmission of maps and pictures to be displayed in the vehicle, and 

also allows communication between the vehicle and a central computer. 

Hard copy printing of certain types of message make them less subject 

to errors and allow their transmission even when the operator is 

absent from the vehicle.

Unfortunately data communication, because it does not possess the 

redundancy of speech, is much more sensitive to channel impairments. 

Fading and ignition noise produce high data error rates which could 

be reduced to an acceptable level simply by increasing the radiated 

power, but to do so would require excessively high transmitter power 

levels. Diversity reception, which utilises the uncorrelated fading 

of signals from physically spaced aerials is a well documented and 

effective method of reducing the effect of multipath propagation and is 

certainly applicable to the return path (mobile to base). For the base 

to mobile path however, all the attendant complexity has to be 

included in the mobile equipment and this is a disadvantage when each 

base station serves a large number of mobiles.

It is clearly much more satisfactory if the diversity and its 

attendant complexity is kept at the base station. The work described by 

this thesis was concerned with a new method of reducing the variance
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of the signal received by a mobile, called Sideband Diversity, and 

its application in improving the error performance of data communica

tions. This system utilises the diversity offered by physically 

separated quasi-synchronous transmitters and is directly applicable 

to existing quasi-synchronous AM schemes.
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2. PROPAGATION AND FADING

2.1 Introduction

The ideal mode of propagation between a base station and a 

vehicle is by line of sight path. However, even with elevated base 

stations, there are often obstructions by terrain features and man-made 

obstacles so that transmission paths can be extremely varied. In an 

urban situation there is seldom a line of sight path and a large 

number of waves are received by reflections from buildings and other 

obstacles in close proximity to the vehicle. The random amplitude and 

phase of the reflected waves create a standing wave pattern, which apart 

from the influence of other (particularly large) vehicles is constant 

in any particular area. As the vehicle moves through this interference 

pattern the received signal exhibits rapid, and frequently deep, 

fades. This fast multipath fading is to be expected in urban environ

ments, but it can also occur in suburban and rural areas. In suburban 

environments conditions can change rapidly from virtually constant 

signal conditions on streets that are radial to the transmitter, to 

fast deep fading on streets that are perpendicular to the transmission. 

Patches of multipath fading also occur in rural areas, where the local 

reflectors are isolated farm buildings, high hedgerows, trees and 

telegraph poles etc.

In addition to multipath reception from local reflectors, 

diffraction around hills and tall buildings also occurs. Changes in 

terrain features and structures cause a slow variation in the mean 

signal, averaged over any fast fading, as the vehicle moves over larger 

distances. This is often referred to as long terra fading or ’shadowing’



These two distinct types of fading both degrade the channel 

integrity in mobile radio communications. The long term fading can 

result in 'holes’ within the coverage area where the signal to noise 

raéio is too low for satisfactory communications. Even with a 

reasonably high mean signal level the fast deep fading associated 

with multipath propagation takes the signal down into noise for short, 

but frequent, periods of time.

2.2 Multipath Fading

The most easily measured property of the signal received at a 

vehicle is the amplitude variations of the signal envelope. For 

urban environments, with no line of sight component, these amplitude 

variations have been frequently reported to closely exhibit Rayleigh 

statistics as the vehicle moves within a small area (1,2). A typical 

example of the envelope variations caused by multipath propagation 

to the mobile receiver is given in Fig 2.1 for a transmission frequency 

of 99.55MHz. The most widely accepted mathematical model, which 

permits the prediction of various statistical properties of the signal 

received at a mobile, is that proposed by Clarke(3). In this model, 

the signal received at any point is the vector sum of a number of 

horizontally travelling plane waves with equal amplitudes and random 

arrival angles in the azimuth plane. Additionally, the phase angles 

of the component signals are assumed to be uniformly distributed from 

zero to 2m. A diagram of this model is shown in Figure 2.2, where the 

X y plane is assumed to be horizontal, with the vehicle travelling in 

the X direction with a velocity v. The total field at the receiver 

is composed of the sum of all the component waves, the nth wave
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arriving at angle to the x axis and phase 0^. The motion of the 

vehicle produces a doppler shift, in every wave given by:-

0) = cos a . . .  (2.1)n c u

where is the transmitted angular frequency
g

c = 3 X 10 metres/sec.

The doppler shift is bounded by values + which will be very
c

much less than the carrier frequency. If the transmitted wave is 

vertically polarised the E field seen at the mobile is given by:-

N
En = E Z cos (m t + 0 ) . . .  (2.2)

 ̂ n=l c n

where 0 = m t + 0 .n n n

E is the common real amplitude of the component waves and 0^ is the 

random phase angle uniformly distributed in the range 0 to 2ir. The 

E field component is thus a narrow band random process and for large

values of N will be a gaussian (normal) random process by virtue of

the central limit theorem. (The distribution of the sum of N random 

variables approaches a gaussian or normal distribution as N ^ “ .)

This is also true for component waves with differing amplitudes as long 

as no component wave is substantially larger than the others. If the 

transmitted wave is vertically polarised and a vertical whip aerial is 

employed, then the received signal will be proportional to E^ and is 

given by:-
N

e(t) = V E cos (w t + to t + 0 ) . . .  (2.3)n=l e n n

- 10 -



The mean power of this signal is:-
2 2 NV Vo . . . (2.4)

By expanding the terms of equation (2.3) and hy grouping the low

frequency terms, e(t) can be expressed in terms of its quadrature

c omponent s, as :-

e(t) = x(t) cos (jj t - y(t) sin w (t) . . . (2.5)c c

N
where x(t) = V I  cos (w t + 0^) 

n=l ^

N
y(t) = V E sin (w^t + 0 ) 

n=l

The random variables x and y which refer to the possible values of x(t) 

and y(t) are gaussian distributed by virtue of the central limit 

theorem. They are uncorrelated since the joint expectation :-

E(xy) = 0  . . .  (2.6)

and since they are gaussian random variables therefore independent. 

They have a zero mean value and equal variances given by:-

E(x )̂ = E(y2) = E(e^) = Vq^ = . . .  (2.7)
2

and a probability density function (p.d.f.) of the form:-

f(x) = — ---- exp “ . . . (2.8)

The received signal e(t), given by equation (2.5) can also be 

expressed, in terms of the envelope R and phase 0, as:-

- 11 —



e(t) = R(t) . cos + 0(t)| . . .  (2 .9)
p o pwhere R = x + y 

and 0 = tan

The probability density function for the envelope and phase of the 

received signal can be obtained from the joint probability of the 

random variables x and y . The variables x and y correspond to the 

rectangular coordinates and the variables R and 0 to the equivalent 

polar coordinates. There is thus a unique transformation from one 

set of variables to the other, as illustrated in Figure 2.3, thus:-

f(R0) dRd0 = f(xy) dxdy . . . (2.10)

The random variables x and y are independent and substitution from 

equation (2.8) therefore gives:- ■ -

f(R0) dRd0 = f(x)f(y) dxdy

= exp - tody . . . (2.11)

Rewriting in terms of R from equation (2.9) and converting to the 

R 0 coordinates such that:-

dxdy = RdRd0 . . . (2.12)

gives:-

dEd0 = • • • (2.13)y2o y 2ïï

Since this may be expressed as the product of terms involving R and 0 

only, R and 0 are independent random variables, 0 being uniformly 

distributed in the range 0 to 2Tr and the envelope, R, having a p.d.f. 

given by:-

f(R) = ^  exp (0 < R < .) • ■ • (2.1M

= 0  (R < 0).

- 12 -



This is the well known Rayleigh distribution and is illustrated in 

Figure 2.4. It is sometimes written in terms of the parameter ÇI, 
where is given by:-

Ü = 2a^ . . . (2.15)

The p.d.f. then becomes:-

f(R) = exp - ^  . . .  (2.16)

The expected value E(r ) is obtained from:-

E(R) = J f(R)R dR = / ’̂  = . . . (2.17)
—CO

The second moment (mean square value) E(R^) is given by:-

E(r2) = y *  f(R)R^ dR = 20% = n ..... (2.18)

The mean envelope power is therefore given by Ü and is just twice the 

mean signal power, , within the envelope.

The variance Var(R) is given by:-

Var(R) = E(r2) - [eCR)^^ = |2 - ^ ^ 0 %  = ^  SÎ

The distribution function, F(R), is obtained from:-

R,

(2.19)

1
F(R) = P (R < R^) = I f(R) dR/

;  ^
S2 . . .  (2.20)

This distribution function is plotted in Figure 2.5 where the axis 

have been scaled such that F(R) is linear. The OdB reference level 

is the median value of the distribution given by:-
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0.5 = exp - ^  . . .  (2.21)

It can be seen from Figure 2.5 that the signal level will be 

l8dB below the median value for of the time, and 28dB and 38dB 

below this value for 0.1% and 0.01% of the time respectively. Thus 

even with a high mean signal level there is a danger of momentary loss 

of signal due to deep fading as the vehicle passes through the 

interference pattern. The probabilities illustrated in Figure 2.5 

can only be expressed as percentages of time because the vehicle is 

considered to be moving; for a stationary vehicle they are 

probabilities of signal level at any position.

The above description of multipath fading assumed that a large 

number of scattered waves arrived at the vehicle, and as a consequence 

of this the resultant signal has a Rayleigh distributed envelope and 

a uniformly distributed phase. It has been shown, however, (4) 

that as few as six sine waves with independently varying random phase 

will give a resultant whose envelope closely follows Rayleigh 

statistics and whose phase is uniformly distributed.

Higher Order Statistics

Further statistical analysis has been carried out by Clarke 

utilising expressions for the component waves. Cans (5) has 

carried out similar derivations from the received power spectrum, 

for directional and omnidirectional aerials, which allows direct 

application of previous statistical analysis by Rice (6) for band

- 14 -



limited noise. Expressions have been obtained for the RE power 

spectrum, correlation, level crossing rates and average duration of 

fades. However, the random variation of received signal with time 

is entirely due to the vehicle moving through a spatial interference 

pattern whose structure is dependent upon the operating frequency. 

Consequently the RE bandwidth, fade duration and fading rate are all 

functions of vehicle speed and frequency. Unfortunately vehicle 

speed is seldom constant in urban environments, where multipath 

fading is most to be expected, due to the presence of other vehicles.

The major assumption in achieving an expression for the power 

spectrum, which is the starting point for further statistical 

calculations, is that a large number of component waves are involved 

and therefore the distribution of power with arrival angle becomes 

a continuous, rather than a discrete, distribution. Following 

Clarke(3) -;hc further assumption is made that the distribution of 

power with arrival angle, a, is uniform, such that:--

= ) = à  -. < cc < . • • • '2.22)

A vertical monopole aerial has a constant arimuth gain function 

and will sense the electric field of a vertically polarised transmission. 

In this case the signal spectrum S(f), the average energy of the 

signal in the frequency band f + ôf, is given by the p.d.f. of f, 

f̂ ff) , multiplied by the mean signal power a^. The frequency, f, is 

a function of arrival angle given by:-

f = f^ + f^ cos « . . .  (2.23)

where fd = f —  c
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The bandwidth of the received signal for a single frequency 

transmission is just twice the maximum doppler frequency f^, 

centred about the carrier frequency f^. Expressing « in terms of

frequency gives :-

oc = COS . . . (2.24)

The distribution of a single valued function, x, of a random 

variable, y, is given by (7):-

f(x) = f(y) È L
dx . . (2.25)

However, in this case, both positive and negative values of 

contribute to f, and since for any f the two values of « are 

mutually exclusive, the probability that lies in the two regions 

must be summed. f(=) is the same for positive and negative values 

of œ that produce the same f. Hence the p.d.f. of f is given by:-

f„(f) = 2f( = ) dx
df . . . (2.26)

Differentiating (2.24) and substituting from (2.22) gives:-

f„(f) = 2 . i  . rT2----7Z----i2ir ■ [f/ - (f - fy2j

The power spectrum is thus : - 

3(f) = -----
TTI

and is illustrated in Figure 2.6.

. (2.27)

. (2.28)
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Having established the power spectrum of the narrow band 

gaussian process then relationships established by Rice (6) for such 

a process can be utilised. The quadrature components x(t) and y(t) 

are distributed as a bivariate zero mean gaussian process and the 

following auto-covariance functions, amongst others, may be 

obtained:-

E x(t) X (t + t ) E y(t) y (t + t )

E x(t) y (t + t ) E y(t) X (t + t )

= c ^ C t ).
. . . (2.29)

fc+fd
where C^( r 3(f) cos 2tt (f - f^)x df . . .  (2.30)

fc-fd

f +f, c d
Ccg(T) = f  3(f) sin 2tt (f - f^)x df . . .  (2.3l)/

WithS(f) symmetrical about f^, C^g(r) is zero. Substituting from

eqn (2 .28) into (2.30) gives

f +f^ c d
C^( t ) I .cos2'it( f-f^ )t . df

. . (2.32)

which evaluates to give:-

•̂ o ("at) . . . (2.33)

where J^(x) is the zero order Bessel function of the first kind.

The normalised autocorrelation function of either quadrature 

component is given by:-
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C.(T)
Pc(t) =  ^2"  = Jo(L;T) . . . (2.3k)

The modulus of the complex correlation of the received signal

IS : -
_ [C,(T)Z + Ccs(T)Z] :

/Pe(T)/ =   . . . (2.35)

Which in this case gives :-

/pg(T)/ = Pc(x) = Jq (cô t ) . . . (2.36)

The normalised autocorrelation of the signal envelope is very 

closely given by /pgx/^ (Ch ^.^.3). Thus

p^(x) —  /p^(x)/^ = J^^(co^x) . . . (2.37)

The spatial correlation at the vehicle can be obtained from 

eqn (2.37), since
üJcV

“ d = — c

dand X = —V

where v = vehicle velocity

d = distance travelled in time interval x 

= transmitted angular frequency 

c = free space constant

Thus :-

WjX = ^c^ _ 2ird
c " A

c

. . . (2.38)

where the wavelength A = —

The spatial correlation of the signal envelope at the vehicle,p^(d) 
is therefore given by:-
pR(a) ^  • • • (2.39)
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This equation is illustrated in Fig 2.7 which shows that the 

envelope correlation of signals from two aerials on the vehicle 

with a spacing greater than will be less than 0.25. Spatial 

correlations for the other field components and cross correlations 

between the three field components have been obtained by Clarke (3).

Further analysis utilising the power spectrum and based on the 

work of Rice has been carried out. The following expressions for 

level crossing rate and average fade durations are obtained from 

Jakes (8) and illustrated in Figs (2.8) to (2.11) for various 

vehicle speeds at frequencies of lOOMHz and ^50MHz.

Level crossing rate N = (2t t )̂  fd — i exp . . . (2.Uo)

MlAverage fade duration t = V ^ W ____  . . . (2.Ul)
|l fd (2ir)̂

At lOOMHz and a vehicle speed of 30mph, fd = ^.U7Hz, and 20dB fades 

are experienced at a rate of 1.1/sec. The average duration of these 

fades is 9 milliseconds.

2.3 Mean Signal Level Prediction Methods

The short term mean signal level, averaged over the multipath 

fading, exhibits slow variations as the vehicle moves over larger 

distances, due to changes in structures and terrain features.

Further averaging over this slow variation produces a signal level 

which is dependent upon a number of factors, not least of which is 

distance from the base station. The free space transmission formula 

given by;-
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Pp = ( —  I GmG^ . . (2.42)

where = transmitter power

P̂ . = received newer R
A = wavelength

d = distance between aerials

G = Aerial gain w.r.t. isotropic aerial.

indicates that the received power is dependent upon the inverse of 

the squared distance. However, average signal levels experienced 

in mobile radio can lie an],-Atiere between 20 and 60dB below the 

free space value. A number of methods of predicting the 

propagation path loss at VHP and UHF have been proposed but most 

are not suitable for use in urban environments with low receiver 

aerials, as used in mobile radio. Only the empirical model 

proposed by Okumara et al(9) has become widely accepted as an 

accurate method of predicting field strength for mobile radio.

The Okumara model, which covers frequencies above lOOMHz, 

is based on extensive measurements in and around Tokyo. An 

attenuation chart, for differing frequencies and distances, gives 

the attenuation relative to the free space path loss, for base 

station and mobile aerial heights of 200 metres and 3 metres 

respectively, operating in urban areas over quasi-smooth terrain. 

Height gain factors, obtainable from further charts, then have to 

be applied for different aerial heights. This gives a basic median 

attenuation with distance with respect to the free space path loss. 

A total of eight correction factors, presented in graphical form,
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may then have to be applied to account for differing types of 

terrain and areas other than urban. This is a tedious procedure, 

but use of the Okumura prediction charts gives attenuation levels 

that have been closely substantiated by measurement in Tokyo,

North America(lO), London(2) and other British cities(ll).

The distance dependence of median signal strength at the 

mobile is a function of distance from the base station and base 

station aerial height. In general signal levels will decrease more 

rapidly with distance as the range is increased. The distance 

dependence relationship found by Okumura is illustrated in Fig 2.12. 

At distances greater than 40km the signal attenuation is very 

rapid, while for distances less than 15km and a reasonably high 

base station aerial (200m) the power decreases as (distance) ^.

A best fit curve for mean received power measurements made in London 

at 460MHz (2) had a power law of n = 2.5 (F a d"%). Similar 

measurements in Birmingham(ll) gave n = 2.4 at 440MHz and at lower 

frequencies the value of n was 3.8 and 3.9 at 86MHz and l6TMHz 

respectively.

A much simpler model for propagation in British and European 

cities, which have a more open structure than the urban centres of 

Japan or the USA has recently been proposed. This is based on 

plane earth propagation(l2) illustrated in Fig 2.13, which gives for 

typical mobile radio conditions:-

Pj, = . . . (2.1,3)

where h , h are the base station and vehicle aerial heights. T R
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The model proposes that for flat cities the total path loss is 

given by:-

Loss = L + dB . . .  (2.44)P B
where = plane earth path loss

= diffraction loss incurred by propagationa
over buildings adjacent to the receiver

= UHF correction factor necessary because 
knife edge diffraction is assumed in 
calculating L^.

This model gives good agreement to measurements taken in Birmingham 

and Bath and can be used for hilly cities by modifying the plane 

earth path loss to take account of diffraction losses due to large 

obstacles. Prediction calculations may be simplified by assuming 

an "average street" in calculating the diffraction loss B

2.4 Quasi-synchronous operation

A typical long baseline quasi-synchronous AM scheme utilises 

a number of geographically spaced transmitters operating at nominally 

the same frequency (within 2 or 3 Hertz). The shadowing effects of 

major terrain features can be overcome by careful positioning of the 

transmitters, thereby improving and extending the coverage area. 

However, in areas illuminated by more than one transmitter interaction 

between the transmissions occurs, causing the resultant signal to null 

at the offset frequency (for stationary vehicles); the depth of null 

being dependent upon the relative amplitudes of the received signals. 

The receiver a.g.c. can often cope with variations of this tj'pe,
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except when equal amplitude signals are received in which case the 

resultant will null into the receiver front end noise. The extent 

to which this is a problem is dependent upon the redundancy of the 

means of communication, and seldom causes serious loss of intelli

gibility with speech systems. If this does occur in a particular 

area, however, then the use of a local low power transmitter will 

often provide a satisfactory solution.

The effect of using more than one transmitter on multipath

propagation in urban environments can be simply illustrated for the

Rayleigh fading case. If signals are received at the mobile from

N synchronous transmitters such that the signals at the vehicle

are independently Rayleigh distributed then the resultant signal,

epj(t), is given by:- 
N

eĵ (t) = Z R^(t) cos {w^Ct) + (J)̂ (t)} . . .  (2.45)
n=l

In terms of the quadrature components given by equation (2.5), 

e^Xt) may be expressed as:-

N
e^(t) = Z (xj^(t)cosm^t - y^(t)sinm^t) . . . (2.46)

n=l

The x^ and y^ are real, zero mean, independent, gaussian random 

variables and therefore the resultant quadrature components Z x^ 

and Z y^ are real, zero mean, independent, gaussian random 

variables with equal variances, o_2, given by:-n

The resultant signal will therefore have a uniformly distributed
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phase angle and Rayleigh distributed envelope with parameter 

given by:-K

^R " 20^2 = 2{o 2̂ + + . . . . 0^2} . . , (2.47)

Thus the only consequence of employing more than one 

transmitter, in a situation where the independent signals have 

Rayleigh distributed envelopes and uniformly distributed phase 

angles, is to raise the mean level of the fading signal (by 3dB 

if there are two equal mean signals). The characteristic deep 

fading is otherwise unchanged.

Although the use of widely spaced transmitters in a quasi- 

synchronous AM scheme has little effect on Rayleigh fading,' it can 

change the characteristics of the slow fading of mean signal level 

caused by changes in local obstructions and reflectors. The 

distribution of the mean signal, averaged over the multipath fading, 

from one transmitter has been reported by several investigators to 

obey a log normal distribution with a standard deviation dependent 

upon the propagation environment. The Okumura prediction curves 

for this standard deviation give figures of 5-2dB and 6dB for urban 

environments at frequencies of lOOMHz and 450MHz respectively, and 

standard deviations 1.5dB greater than this for suburban areas with 

rolling hilly terrain. Measurements in London (2) at 462MHz 

indicated a standard deviation of approximately 5dB. In a quasi- 

synchronous scheme the geographic spacing of the transmitters ensures 

that the slow fading of the received signals will be uncorrelated 

to some degree. The variation of the resultant short term mean 

signal will be dominated by the behaviour of the largest mean signal
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and a conservative estimate of the reduction in slow fading can 

be obtained by considering the distribution of the resultant 

after selecting the best short term mean signal. With independent 

slow fading of the mean signals from N transmitters the probability 

that all signals will simultaneously be below some level x is 

given by;-
N

P (s < x) = T \  P (S^ < x) . . .  (2.48)
n=l

This is the distribution function F(x) of the resultant of selecting 

the best mean signal and is illustrated in Fig 2.14 for two and 

three transmissions of equal long term mean values and a standard 

deviation of 6dB. The improvement at the 1.% reliability point is 

6.3dB and 9*3dB for two and three transmissions respectively. This 

is the improvement in the short term mean signal. It does not 

reflect the improvement that can be obtained, in long baseline 

quasi-synchronous schemes, by carefully positioning the transmitters 

to overcome the shadowing effects of gross terrain features.
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Figure 2.1 Typical Envelope Variations of the Received Signal 
Frequency 99.55MHz. Vehicle Speed 10 m.p.h.
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Figure 2.4 The Rayleigh Probability Density Function
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Figure 2.5 The Rayleigh Cumulative Distribution
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Figure 2.6 The Power Spectrum of the Received Signal

Figure 2.7 Spatial Correlation of the Signal Envelope
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Figure 2.14 Improvement in Slow Fading by Base Station Diversity
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3. DIVERSITY TECHNIQUES

3.1. Introduction

The fast Rayleigh fading of received signal, described 

in Chapter 2, which a mobile experiences in urban environ

ments means that a much higher average signal level is re

quired to match the non fading case. This can be achieved 

simply by increasing transmitter power, but the increase 

would be prohibitive as the following example shows.

For moving vehicles the Rayleigh distribution of signal 

amplitude results in periodic short ’drop outs’ of signal.

In a speech system there would be negligible loss of in- 

tellegibility if this occurred for \ % of the time (99^ re

liability) because of the redundancy of speech (l). A data 

system does not have this redundancy, however, and for low 

error rates (e.g. 10 a channel integrity of 9 9 - 9 9 % is 

implied. From the cumulative Rayleigh distribution curve of 

Hg.3.1 it can be seen that an improvement in channel reliabilty 

from 99^ to 9 9 - 9 9 % would require an increase of 20dB in 

transmitter power. Thus a typical base station transmitter 

operating at 50 Watts and giving adequate speech per

formance in a certain area would have to be uprated to 

5KV7 for data operation in the same area. Transmitter 

powers as high as this are totally unacceptable since the 

resulting increase in co-channel and adjacent channel in

terference would exacerbate the problems of spectrum avail

ability and pollution described in Chapter 1. An alternative
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method of overcoming multipath fading must he employed.

3.2. Improvement in signal distribution with diversity

It has been known since the early days of H.F. communications 

that the multipath fading of radio channels which are suf

ficiently separated in either space, frequency or time (and 

sometimes polarisation) is more or less statistically un

correlated (2). Thus in a diversity system there is avail

able at the receiver two or more closely similar, but 

statistically independent, copies of the same signal. These 

more or less independently fluctuating signals are known as 

diversity branches. Suitable combination or selection of 

the branch signals will greatly reduce the depth of fading that 

would be observed on any branch alone.

An ideal selection diversity scheme selects the branch 

with the highest instantaneous signal to noise ratio (S.N.R.), 

so that the output S.N.R. is equal to that of the best in

coming signal. In practical systems it is common to select the 

branch with the highest signal plus noise, which is equivalent 

to selecting on a S.N.R. basis if the branch noise levels are 

identical. An alternative system called scanning diversity 

is sometimes employed (3), where a branch is selected which 

has a signal above a fixed threshold. This signal is main

tained until it falls below the threshold, when any other branch 

with a signal above the fixed level is utilised. The per

formance of such a system is inferior to true selection 

diversity. In combining schemes the branch signals are
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brought into phase and added coherently. With maximal - 

ratio combining the branch signals are weighted in propor

tion to their S.N.R. before summation, and this system is 

marginally superior to equal gain combining where no such 

weighting takes place.

In all diversity schemes the major improvement in 

signal distribution is achieved by a two branch system. 

Additional branches will provide further improvement but 

by a decreasing amount as the number of branches is increased. 

The performance of 2 and 3 branch selection schemes operat

ing with Rayleigh fading signals is illustrated in Fig.3.1.

The derivation of these curves follows Brennan (4) and is 

given in Appendix 3.1. The effectiveness of various diver

sity configerations can be described by the diversity 

gain or improvement, which is the amount by which the sig

nal in a single branch would have to be increased to achieve 

the same reliability as the diversity system. It can be 

seen from Fig.3.1. that a dual selection scheme gives an 

improvement of 10 dB. at 99.0^ reliability and 20 dB. at 

9 9 - 9 9 % reliability. A third branch gives a further im

provement of 4 dB. at 99.0% and T dB. at 9 9 - 9 9 % reliability.

A comparison of the performance of the various selection 

and combination techniques can be made from the cumulative 

distribution curves of Fig 3.2. These curves are drawn from 

results obtained by Erennan(4).
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For a two branch system the differences between the dis

tributions are quite small with maximal - ratio combining 

showing a 1.4 dB. improvement over selection at the 9 9 - 9 9 %  
reliability point. The difference in performance of the 

various techniques becomes important only when the number 

of diversity branches is large, then combination diversity 

schemes show a better improvement over selection (5.5 dB. 

at 9 9 - 9 9 % reliability with 8 branch diversity). Thus with 

two branch schemes the advantage from the method of selection 

or combination is insignificant compared with the basic 

diversity advantage.

3.3. Diversity in Mobile Radio Schemes.

Early research into methods of coping with fading 

signals arose because of the variability of signals received 

over long distance, H.F. communication links utilising 

reflections from the ionosphere. This research received 

added stimulus during the late 1950’s when it was dis

covered that the tropospheric scatter of U.H.F. signals, 

although characterised by severe fading, could be used for 

reliable, trans - horizon, point to point communications. 

Much of the literature on diversity systems and combining 

methods was published at this time (4.5.6.). Consideration 

of diversity to improve the received signal in mobile 

radio systems arose in the late 1960*s and a number of 

schemes have since been proposed. A survey of diversity
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techniques proposed for mobile radio reception has been 

given by Parsons et.al. (?). Existing diversity schemes 

operate on the return path only (mobile to base ) and em

ploy space diversity at the base station. It is the for

ward path, however, that is of interest here.

There are two major factors governing the choice 

of a suitable diversity system for the forward path - 

spectrum occupancy and economy. From an economic view

point, in a situation where each base station serves a 

large number of mobiles, and the mobile equipment must be as 

simple and reliable as possible, it is desirable to keep 

any diversity complexity at the base station. The system 

must also be compatible with existing equipment. Addition

ally, any increase in spectrum requirements should be kept to 

a minimum in a situation where, even with 12.5 kHz. channel 

spacing at VEF, and 25 kHz. at UHF, spectrum congestion is 

causing concern (8).

The basic methods of achieving independent diversity 

branches are :-

a) time diversity

b) frequency diversity

c ) space diversity

The properties of these different methods will be re

viewed to assess their suitability for use with mobile 

radio.
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a) Time diversity
Diversity is achieved hy transmitting 

the same information at time intervals well 
separated compared with the reciprical of 
the average fading rate. However, the fading 
rate in mobile radio is a function of vehicle 
speed, since fading is spatially not temporally 
dependent. For a stationary vehicle the 
diversity branches would be totally dependent, 
so that time diversity on its o-vm is not 
satisfactory.

b) Frequency diversity
If signals are received via two paths 

from the same transmitter then the phase 
angle between the two signals is WT,where 
w is the frequency and x is the difference 
in propagation times of the two signals.
A multipath null occurs when:-

wx = ir(2n + l) n = 0,1,2 etc....(3.1)

Re-inforcement of the signals occurs when:-

wx = 2Trn n = 0,1,2 etc....(3.2)

For the resultant signal at to be a 
maximum while the signal at is a minimum 
then :-

(^2 - w^)x = TT ....(3.3)

Thus a change in frequency of Af trill 
alter the signal amplitude from a local minimum 
to a local maximum, where Af is given by:-
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= h  ................ (3.U)

This is the basis of frequency diversity, 
although the situation is much more complex 
when a large number of reflected waves arrive. 
Clarke (9) has calculated the correlation 
between the envelopes of signals at different 
frequencies for his Rayleigh fading model.
He gives the magnitude of the correlation 
of the two Rayleigh fading envelopes of 
signals at different frequencies, /p(Am)/, as:-

/p(Aw)/ = {1 + (AwT)2}  ̂ ..... ( 2  2 )

where

Aw = frequency separation 
T = measure of the spread of the

time delays of the signals received 
from a large number of scatterers.

This equation is illustrated in Fig. 3*3 for 
T in the range 0.1 ysec to 0.8 ysec. A delay 
spread in the order J ysec appears appropriate 
in the situation where most of the scatterers 
are in the vicinity of the mobile (lO). From 
these curves it is apparent that a separation 

to achieve effective diversity is in the order 
of 1 - 2 MHz.

Thus frequency diversity requires two, 
well separated channels, so that besides 
needing twice the spectrum occupancy of the 
non diversity case, additional equipment is
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necessary at both the base station and 
the vehicle. For mobile radio therefore, 
it appears that the choice lies between 
spatial diversity at either the vehicle or 
the base station transmitter,

c ) Space diversity
Spatial correlation functions based on 

expressions derived by Clarke (9) are given 
in Fig 3.4 and indicate how effectively, 
de-correlated signals can be achieved at the 
mobile from omnidirectional aerials spaced 
A or more apart. This is undoubtedly feasible 
even at the lowest V.H.F. mobile frequency,
68 MHz, where the wavelength X is given by:-

.8
X =° f = 68'x 10& metres .... (3.6)

and

= 1.1 metres  (3.7)

A variety of methods of implementing spatial (and field) 
diversity at the receiver have been proposed (7), but suffer 
from the disadvantage that all the additional complexity is 
required at the mobile. Systems which employ pre-receiver 
combining of the signals from the two aerials have been suggested, 
but this leads to additional losses together with a degradation

of noise figure and intermodulation performance. These problems

can be overcome by combining the signals at I.F. frequencies, but

this involves duplicating the receiver almost to the demodulator.

Since two spaced aerials are required the method could not be

extended to personal equipment. These disadvantages do not

apply to spatial diversity at the base station.
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3.4. Ease Station Transmitter Diversity

If advantage is to be taken of the independence of 

signals received at the mobile from spatially separated 

transmitters then the signals (branches) must be kept separate 

until they can be combined or selected to produce a signal 

that does not exhibit deep fading. One method of overcoming 

the problem of keeping the branches separate, called feed

back diversity, has been realised (ll) and is illustrated in 

Fig. 3.5. The base transmitter is connected to one of its 

two aerials by means of a switch. When the received signal 

at the mobile falls below a fixed threshold the mobile 

to base path is utilised to signal this information, using 

a tone burst, and the transmitter then switches to the other 

aerial. This is a scanning or switched diversity system, as 

described in Ch. 3.2., and the performance is inferior to a 

true diversity scheme. There is a further degradation in 

performance due to the inherent time delays of the system.

To realise a true diversity system the branches can be 

kept separate in frequency or time. To separate the branches in 

time, the spatially separated transmitters transmit sequentially 

at a suitably- high rate; the receiver then selects the best 

signal out of the appropriate time slot. This is, however, 

a complex system particularly •vji.th widely spaced transmitter 

sites.

Alternatively the branches may be separated in frequency.
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This is not frequency diversity since the separation need 

only he sufficient to isolate the branches. Thus a two branch 

system can be established in the narrowest possible bandwidth 

by two spatially separated S.S.B. transmitters, one transmit

ting the upper sideband signal and the other the lower side

band signal. A single aerial and conventional A.M. receiver 

are required at the vehicle. The additional mobile equip

ment is an independent side band demodulator operating at 

the IF of the receiver, and the selection or combination 

circuitry. Such a scheme is illustrated in Fig. 3.6. Al

ternatively a sideband combining demodulator could be employed, 

The next chapter ■vn.ll show that the same diversity 

advantage can be realised without the use of independent 

sideband transmitters by using a modulation phasing technique 

first described by Gosling and Petrovic as a method of re

ducing sideband interaction in quas i - synchronous D.S.B.D.C. 

schemes (12). The full implications of the technique were 

not understood at the time, but it will be shown that its 

use with quasi synchronous or synchronous A.M. transmitters 

can give the full diversity immunity to multipath fading. 

Because this system can be extended to more than two trans

mitters, although still a two branch diversity scheme, 

it is directly applicable to existing quasi synchronous, long 

baseline A.M. schemes, as described in Ch.2, and will give 

such schemes greater tolerance to fast Rayleigh fading in 

addition to their established reduction of long term fading 

or shadowing.

-  4T -



3.5 References

1. LICKLIDER, J C R and 
MILLT-H, G A

2. BEVERAGE, H H and 
PETERSON, H 0

’’The Perception of Speech", Handbook of 
Experimental Psychology, Niley, New 
York, 1951.

"Diversity receiving system of 
R.C.A. Communications, Inc., for 
radiotelegraphy", Proc IRE, Vol 19,
No 4, April 1931.

3. PARSONS, J D "Experimental switched diversity 
system for VHP AM mobile radio", 
Proc IEE, Vol 122, August 1975.

4. BRENNAN, D G "Linear diversity combining techniques", 
Proc IRE, Vol 49, June 1959.

5. LAW, H B "The detectability of fading radio
telegraph signals in noise", Proc lEE, 
Vol 104, pt B, March 1957.

6. STEIN, S "Clarification of Diversity 
Statistics in Scatter Propagation", 
Proc Symp Statistical Methods in 
Radio Wave Propagation, Pergamon I96O .

7. PARSONS, J D "Diversity techniques for mobile 
radio reception". The Radio and 
Electronic Engineer, Vol 45, No 7, 
July 1975.

8. PANNED, W M "A study 01 future frequency spectrum 
requirements for private mobile radio 
in the United Kingdom", Pye 
Telecommunications Ltd, 1976.

9. CLARKE, R H "A statistical theory of rriobile 
radio reception", BSTJ, Vol 47, 1968

48 -



10. cox, D C "Delay-doppler characteristics of 
multipath propagation at 910MHz in a 
suburban mobile radio environment",
IEEE Trans Ant Prop, Vol AP20, Sept 1972,

11. JAKES, W C "Microwave Mobile Communications", 
Wiley, New York, 1974.

12. GOSLING, W and 
PETROVIC, V

"Area coverage in mobile radio by 
quasi-synchronous transmissions using 
double-sideband diminished carrier 
modulation", Proc lEE, Vol 120, No 12, 
Dec 1973.

— 49 “



APPENDIX 3.1

Received Signal Distribution with Selection Diversity

Selection diversity is a switched technique where the system 

selects the best one of N fading signals, at any given time, and uses 

that one alone. The other signals do not contribute to the resultant 

signal. The probability that the resultant signal will be below 

some fixed level, x, is just the probability that all the individual 

branch signals are simultaneously below that level. With Rayleigh 

fading the probability density function of an individual branch 

signal is given by:-

f(R) 2R / -R^\
IT j

The cumulative distribution, which is the probability that the 

signal will be below some level, x, is:-
X

F(x) - I —  exp ^  dR
f (f)o

1 - exp I . . .  (A3.1)

The probability that all the branch signals will simultaneously 

be below x is just the product of the individual probabilities if the 

fading on each branch is independent. Thus the probability that the 

selected signal will be below a level x is given by:-

N
F (x) = 7 T
® n=l

1 - exp . . . (A3.2)

With fading signals that have equal means, such that
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= ^2 = . . . = 2, this reduces to

F^(x) = 1 - exp (f) . . . (A3.3)

where N is the number of branches.

In the non-diversity case (ie N = l) the median value of the 

signal is obtained from:

0.5 = exp■M . . . (A3.4)
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SIDEBAND DIVERSITY

i+.l. Introduction

The advantages of diversity operation in a multipath 

fading environment have been described in Chapter 3, vhere 

it was shown that a major reduction in the variance of the 

received signal could be achieved with a two branch diversity 

system. Base transmitter diversity ensures that a minimum 

of additional equipment is required in the vehicle, but needs 

two transmitters with sufficient spatial separation to ensure 

decorrelation of the fading signals received at the mobile. 

Additionally the transmitters have to be separated in frequency 

to ensure that interactions between the transmissions do not 

occur. This could be achieved within the confines of an 

existing A.M. channel (12.5 kHz at V.H.F.) by using two 

S.S.B. transmitters radiating upper and lower sideband signals, 

and an independent sideband receiver. It will be shown in 

this chapter, however, that double sideband A.M. transmitters, 

operating synchronously or quasi-synchronously can give the 

same diversity improvement.

If two spatially separated A.M. transmitters operate 

synchronously or quasi-synchronously to combat multipath 

fading, then when the signal from one transmitter is in a 

deep fade, the probability that the second transmission is also 

in a deep fade is very low and hence provides the diversity 

imp-rovement. Problems arise when signals of comparative 

magnitudes are received, from the two transmitters; nulls 

in the received signal then occur when there is a l3o° R.F. 

phase difference between the two received transmissions. 

However, two sideband signals are radiated by each transmitter
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and each sideband carries the required information, therefore 

redundancy exists. If the nulls caused by the R.F. phase dif

ference of the two received signals can be arranged to occur 

at different times for the two sideband signals, then the re

quired information is always available at the receiver in one 

or the other sidebands (unless the signals from both trans

mitters are simultaneously in deep multipath fades).

This is a sideband diversity system and is illustrated in 

Fig. 1̂ .1. The nulls of the two sideband signals are arranged 

to occur at different times by phasing of the modulation 

applied to the transmitters. Such a system can be readily 

extended to more than two transmitters and is directly 

applicable to existing long baseline quasi-synchronous A.M. 

schemes. The operation and performance of sideband diversity 

systems will be studied in the remainder of this chapter.

U.2. The effect of phasing the modulation to Q.S. transmitters 

For a stationary mobile,receiving equal line of sight 

signals from two double sideband suppressed carrier transmitters 

with a small frequency offset and a phase shift «

between the modulation applied to the transmitters, the 

received signal E(t) is given by:-

E(t) = cos w t.ccs m t + cos(w t + «=) . cos(o) + dm )t m e  m c c

(U.l)
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where

= carrier frequency 

= modulating frequency 

= frequency offset 

= = modulation phase shift

In terms of the individual sideband components, E(t) is 

given by:-

E(t) = g{cos(w + 0) )t + cos(w - 03 )t} c m  c m
+ g{cOs({w + do3 + 03 }t + «) + COS ({03 +  d03 -  0 3 }t - a)}c c m  c c m

(U.2)

The resultant signal in terms of the composite sidebands is:-

E(t) = cos d03 t+ . C O S { ( 0 3  +  03 )t + é 0 3 t * « }c c m  c

+ cos do 3 t - « cos{(o3 - w )t + dm t - = } c . c m  c

(4.3)

The first factor in each term of this expression represents 

the slow modulation of each sideband signal caused by receiving 

two signals with a small frequency offset. With « equal to 

zero the envelope terms for the two sidebands are identical
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and the two sidebands will null to zero simultaneously, 

at a rate determined by the frequency offset of the two 

transmissions. However, with « non-zero a phase shift is in

troduced between the two envelope terms and the sidebands no 

longer null simultaneously. With « = 90° the received 

signal becomes :-

E(t) = cosi^^c^ + ii5°i.aos{ (ai + w )t + ^^c^ + 45°} —  c m  —

+ COS{^^C^ - 4 5 °} . COs{(u) - Ü) )t + ^^c^ - 4 5 °} — r—  c m — ——

(4.4)

These sideband signals are illustrated in Fig. 4.2; when one 

sideband nulls to zero the other is at a maximum.

If diminished carrier or conventional amplitude modulated 

transmitters are used then the resultant carrier signal, 

when receiving equal signals from both transmitters, 

is given by:-

E (t) = cos m t + cos(w + )tc c c c

= 2cos ^^c^ . cos(w + *̂ ĉ)t .........(4 .5)
2 ° 2

By comparing the envelopes of the signals described by equations 

4.4 and 4.5 it can be seen that both sidebands and the carrier 
signal will null at different times. First one sideband will 

null to zero, then the carrier and then the other sideband.
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Because the two sidebands do not null together the information 

content of the transmitted signal is always available at the 

receiver. If the sideband signals can be demodulated independently, 

and some form of selection or combination carried out then the 

destructive interference problem will be overcome. This system 

has been called Sideband Diversity and in a fading environ

ment allows the advantages of space diversity at the trans

mitters to be realised in the bandwidth required for a single 

A.M. channel. The system is readily extendable, to three or 

more transmitters operating in a quasi-synchronous long 

baseline scheme, by suitable phasing of the modulation applied 

to the transmitters.

4.3. Performance of Sideband Diversity in a Fading Environment

The fading environment, together with the long and short 

term, statistics of the signal received at the mobile, has 

been described in Chapter 2. The reduction of long term 

fading by the use of quasi-synchronous A.M. transmitters 

operating on a long base line has already been outlined and 

the purpose of this section is to analyse how sideband 

diversity can reduce the variance of the received signal in 

a fast fad-ing, urban environment, when using transmitters 

spaced sufficiently far apart to ensure independsnce of the 

individual fading statistics.

With two quasi-synchronous double sideband suppressed 

carrier transmissions with frequency offset and a phase

shift « between the sinusoidal modulations, the transmitted
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signals and z^ will be given by:-

Z_ = b cos (JO t . cos Ü3 t  (4.6)1 m e

z^ = 1 cos ((jôt + «) . cos(w^ + 6w^)t-.........(4.7)

Describing these signals in terms of their sideband components 

gives

Z_ = ^  COs(w - ( j O  )t + ^  COs(w + CO )t  (4.8)JL c c m  (d c m

Z = %  COs{(oo - CO )t + ÔOJ t - ^  COs{(cO + CO )t2 2 c m  c d c m
+ 6co t + oc} c

(4.9)

Recalling that in an urban environment the signal received as 

the vehicle moves is of the form (eq.2.9)

R(t) COS (cot + (fi(t)) 

where R and (p are random variables, then with transmitter 

spacing sufficient to ensure independent fading statistics, 

the signals received at the mobile will be given by:-

z' = R_ cos{(co - CO )t + + R̂  cos{(co + co )t + ({)̂ }1 1  c m  1 1  c m  1
.........(4.10)
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z = R cos{(w - Ci) )t + <So) t + (j) - «} + R cos{(w -fc m )td 2 ^ m  c d 2 c r i
+ 5o)ç.t + (p 2 °")
. . . (4.11)

The résultant upper sideband will have amplitude and the 

lower Ag where

+ Rg + 2R^Rg cos{6w^t + - 4^ - «} ...(4.12)

Ag = R^ + R^ + 2R^R^ cos{ow^t + *2 - 4^ + =} ...(4.13)

Thus and A^ can only be zero together if either both R^ 

and R^ are zero or is zero. The case R^ = = 0 will

be of very low probability (both transmitters independently 

give zero sideband power at the location concerned) so that 

provided « ^ 0 at least one sideband will be present virtually 

all of the time. With (4.12) and (4.13) become:-

+ Rg + SE^Eg sin{6u^t + *g - ...(4.l4)

Ag = E^ + Eg - 2Rĵ Rg sin(6w t + <j>g - ({,̂} ...(4.15)

These signals are represented in Fig. 4.3, where 3 = (5w^t + (p̂  ~ (J>̂), 

for differing ratios of R^/R^. If sideband selection is carried 

out then the amplitude of the signal after selection will

not fall below I R^ + R^ | and can be up to 3dB above this level
y
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depending upon the R.F. phase angle B. Obviously when only 

one transmission is received the sideband envelopes are identical.

The minimum envelope power after selection S, which is 

just twice the signal power is given by:-

S = R̂  + Rg  (4.16)

If R^ and R^ are independent Rayleigh distributed random 

variables whose probability density function is (2.16 ):-

f(R.) = exp(-^i)
1 1

then the individual envelope powers p^ will have a p.d.f. given 

by:-

f(pP = i  exp - ^   (4.17)
1 1

2where p. = R.1 1

the minimum envelope power after selection in terms of the 

individual envelope powers of the two transmissions is given by;

s = P̂  + Pg  (4.18)
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The joint probability density function for p^ and p^, 

with p^ and p^ independent is:-

^12^^1^2^ = f^(p^).f2Cp2)

=  ('♦•19)

Equation (4.19) gives the probability that p^will have a 

value between p^ and dp^ at the same time as p^ has a value 

between p^ and dp^. Thus the distribution function for the 

envelope power F(s) is given by the integral of the joint 

density function over the region in the p^ p^

plane bounded by the line s = p^ + p^ and the co-ordinate axis 

as shown in fig. 4.4 (only the first quadrant need be considered 

since the density function is zero in all other quadrants). 

Therefore

F(s) = /  IPplPi

(4.20)

There are two cases of interest; when the signals from the two 

transmitter have the same distribution parameter i.e.

^1 ~ ^2 mean signals), and when ^ 0^. These
integrations are carried out in Appendix 4.1 . The probability
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that s is equal to or greater than some fixed value s^ is:-

_s s _s
Proh(s>s ) = exp(-— ) + -  exp(-^) .......(4.21)

These distributions are shown in Fig. 4.5 for various 

values of and sad are plotted with the medicua value 

when the signal from only one transmitter is received as the 

OdB reference level. When only one signal is received the 

straight line Rayleigh distribution is obtained, but when a 

second transmission is introduced the reduction in variance 

achieved by using Sideband Diversity becomes evident. With 

two equal mean signals there is an improvement over the single 

signal case of 23dB at the 9 9 * 9 9 % reliability point. Even 

when there is a large difference between the two received 

transmissions there is still a marked reduction in the 

variance of the signal after sideband selection. Thus 

with 20dB difference between the two received transmissions 

there is still a 12dB improvement at the 9 9 * 9 9 % reliability 

point.

The reduction in fast or Rayleigh fading of the signal 

received by a mobile using a sideband diversity scheme has 

been shown, and the effect on the error performance of data 

communication systems is shoi-m in Chapter 5* To extend the 

analysis to the three transmitter case and also study the
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effect of modulation phase angles other than 90° it is 
convenient to consider the correlation between the sidebands.

^.4.1 Sideband Correlation

Recalling equations (2.5 ) and C2.'9 ), the signal

received from one transmitter by a mobile operating in a 

Rayleigh fading environment can be represented as:-

e(t) = R(t) cos(w^t + <i)(t))

= X cos 03 t - y sin 03 t c c

expressing this in the exponential form gives

j03 t+(j)(t)
eCt) = R.P.{R(t)e ° }  (4.23)

The complex phasor Re^^ represents the multiplicative effect 

of multipath fading. This complex phasor, or envelope, 

may be expressed in terms of its quadrature components as:-

z = Re^^ = x+jy  (4.24)

. . :where the envelope

and phase (j) = tan
X
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The quadrature components x and y are real, independent, zero 

mean, Gaussian random variables of equal variance. Thus:-

E ( x )  = E ( y )  = 0 )

E ( x ^ )  = E ( y ^ )  = )

E ( x y )  = 0 j ......

and E(z ) = 0 )

With three synchronous D.S.B.S.C. transmitters spaced suf

ficiently far apart to guarantee independence of the fading 

statistics, operating with single tone modulation and modulation 

phase shifts of +«= and -g, the received signals will be given by:

ê  = cos{(w - m )t + (J)̂ } + cos{(w + w )t + 1 1  c m  1 1  c m  1

e„ = R_ cos{(w - Ü3 )t - « + ({)_} + R^ cos{(o) + m )td d. c m  d d c m
+ oc +({)̂ }

e^ = R_ cos{(m - m )t + 3 + + R_ cos{(w + w )t3 3  c m  3 3  c m

- G + Og}

(4.26)

The composite lower sideband signal is then:-

er = R̂  cos{(o) - w )t + (j)̂ } + R„ cos{(w - w )t - « +1" 1 c m  1 2  c m  d

+ R„ cos{(w - w )t + 3 +  (4.27)3 c m  3
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The complex envelope of this signal, as defined in equation 

(4.24) is given hy:-

= {R^cos#^ + jR^sinO^} + {R^cosUg - =) + jR2sin(#2 " =)) 

+{R^c o s ((})2 + 3) + jRgSinCOg + 3) ....(4.28)

Alternatively Z may he expressed as:- h

= {x^ + jy^} + {(x^cos* + y2sin«) + j(y2Cos= - x^sin*)

+ {(xgCos3 - y^sin3) + j(y^cos3 + x^sin3)

(4.29)

where the individual Gaussian distributed quadrature components 

x^and y^ are given by:-

X. = R.cos d).i 1 1
and y. = R.sin é. *̂ 1 1

Re-arranging equation (4.29) gives:-

Z^ = {x^ + x^cose + y^sin« + XgCos3 - y^sin3}

+ j{y^ + y ^ c o s ^  - x^sin* + y^cos3 + x^sin3} ...(4.30)

And similarly for the upper sideband signal. The two complex

sideband envelopes are thus:-
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where

4 = + XgCOS* - ygSin* + XgCOs3 + y^sin3 )

h = h + y cos= + XgSin* + y^cos3 - XgSin3 )

^2 = + XgCOS= + YgSin* + XgCos3 - y^sin3 )

®2 = ^1 + y^cos* - x^sin* + y2Cos3 + x^sin3 )

...(1+.32)

Now the covariance of the two complex random variables and

z. is given by Papoulis (l) as:- J

E({Z. - E(Z.)}{Z* - E(Z*)})  (4.33)1 1 J J

Thus the covariance of the two sideband envelopes is:-

= E(A^Ag) + E(B^Bg) + j{E(A^Bg) - E(AgB^)}...(4.34)

Now
2 2 2  2 2  2 2  2 2  ^^^l'^2^ = E(x^ + XgCOS œ - y^sin «= + x^cos 3 - y^sin 3)

since E(x^Xg) etc. = 0

= + o^fcos^K - sin^«) +cr^(cos^3 - sin^3)

i.e. E(A^Ag) = + 0  ̂cos2= +o^cos23  (4.35)

Similarly

EfB^Bg) = + ofcos2= + o^pos23  (4.36)
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and

E { A ^ B ^ ) = EC-x^cos^sin* - y^cos^sina + x^cosgsing + y^cosgsing)

= a^sin2g - o^^in2=  (4.37)

similarly

E(A2B^) = a^sin2« - a^sin2g  (4.38)

Substituting C4.35)••..(4.38) in equation (4.34) gives

= 2{(g ^ + G^cos2« + G^cos2g) + j(a^sin2g - o^^in2=)

 (4.39)

The magnitude of the complex covariance of the two sideband 

envelopes is:-

/Og/ = 2{(G^ + 0^^082= + G^cos2g)^ + (G^sin2g - a^sin2«)^}2

(4.40)

and the squared magnitude

,2 li U p U 4 . 2  4 . 2/C / = 4{a + 0 cos 2«: + a cos2g + a sin 2g + o.sin 2«Z: 1 2 3 3 2

+ 2o^02cos2= + 2a^^^pos2=cos2g + 2o^o^cos2^ 

- 2c2G^^in2=sin2g}
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that is:-

/C%/^ = h{(X̂  + Cg + *3 + + 2o^a^cos2g

+ 2Gg0^cos2C= + g)}

(4.41)

The correlation of the sideband envelopes is

P = Covariance (Z^Z^)  (U.42)
(variance (Z^) Variance(Z^) )

and the variance of a complex random variable Z is defined (l)
as

Var(z) = E(/Z - E(z)/̂ )  (4.4s)

Thus

Variance (Z^) = E(/Z^ - E(Z^)/^)

E(/A^ + - E(A^ +

= E(A^ + B^) = E(A^) + E(B^) ...(U.ltl*)

Now

E(A^) = E(x^ + XgCOS œ + YgSin « + x^cos g + y^sin g)

since E(x^X2)etc. = 0
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i.e. E(A^) = + Og + Og  { h M )

and similarly E(B^) =  (U.!(6)

Substituting equations (4.45) and (4.46) in (4.44) gives

Variance = 2(o^ + + a^)  (4.4t )

and similarly Var. Z = 2(g^ + + a^)  (4.48)il 1 2 g

Therefore the complex correlation between the two envelopes, 
given by equation (4.42), becomes

p =

that is ( substituting from (4.4l) )

y p y 2  _  +  G g  +  +  2 a ^ a 2 C O s 2 g  +  2 a ^ a ^ c o s 2 g  +  2 0 ^ 0 ^ 0 0 3 2 ( « + g )

(°1 + *2 +

(4.49)
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U.U.2 Correlation of the squared magnitudes

The envelope of a sideband signal is:-

R = /Z/ = (A^ + 6^)2 

and = /Z/^ = = ZZ* .(4.50)

The covariance of the squared sideband magnitudes is:-

= E(Z^Z>^Z*)

= E(A^A^) + + E(A^Bg) + E(AgB^)  (4-51)

If are real, zero mean, Gaussian random variables

then Davenport and Root (2) gives :-

ECx^XgXgX^) ^ E(x^X2)e(x2X^) + E(x^x^)e(x^x^) 

+E(x^x^)e(x2X^) ...(4.52)

Thus:-

E(A^Ag) = E(A^)E(Ag) + 2(E(A^Ag)}^  (4.53)

Substituting from (4.35) and (4.45):-

ECA^Ag) = (o^ + ^2 + Og)^ + 2(o^ + 0^^082= + o^qos2g)^

Similarly

E(B^B^^ = (o^ + Og + + 2(o^ + 0^^032= + o^pos2g)2

 (4.45)
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and

EtA^B^) = Cg^ + Gg + Gg)^ + 2(G^sin23 - G^sin2«)^ 

e Ca ^B^) = Cg^ + G^ + Gg)^ + 2(o2sin2= - a^sin2g)^

(4.54)

substituting(4.54) into (4.51) gives the covariance as:-

C 2 = 4(a^ + Gg + G^)^ + UCg^ + G^^os2= + g ^c o e23)^
R

+ 4(G^sin23 - G^^in2=)^

= 4(of + Gg + 0^)2 + /Cg/Z  .......(4.55)

In terms of the correlation between the two complex sideband 
envelopes the covariance of the squared magnitudes is:-

C 2 = 4(a^ + Gg + + /P/^}  (4 .56)
R

Normalising to obtain the correlation of the squared magnitudes

V  ■  H . 5 „
(Var.(/Z p )  Var.(/Z /^))^U  Jj

now

and

E(/Z^/2) = E(A^) + E(B^)

E(/Z^/2) = E(Ag) + E(Bg)
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Substituting from (4.45) and (4.46) gives:-

E(/zy^) = E(/Z^/2) = 2(0^ + 02 + 02)  (k.58)

The variance is given by:-

Var(/Z/2) = E(/z/) - {E(/Z/^}^
= E(A^) + E(B^) + 2E(A^B^) - {E(/Z/^)}^

which becomes, using results (4.52) and (4.53):-

Var(/Z/^) = {3ECA^)E(A^) + 3E(B^)e (B^) + 2E(A^)e (B^)}
+ 4{E(AB)}2 - {E(/Z/2)}2

= 8(0^ + Gg +Gg)^ + 0 - 4(a^ + Gg + Gg)

Therefore:-

Var(/zy^) = Var(/Z^/2) = l*(ô  + o^ + o^)^ ....(4.59)

Substituting equations (4.56), (4.58) and (4.59) into (4.57) 
gives:-

P n  =  J p F   (4.6o)

2In terms of the individual Rayleigh parameters,- 2g^:-
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of + Op + 0^ + 20 0 cos2« + 20 0 COS23 + 20 0 cos2(«+3) P o _ i ____3 1 2  J- 3 d  i
,2(S2ĵ + ^2 + «2 )'

_ 6l)

4.4.3. Correlation of the Sideband Envelopes

The upper sideband envelope can be represented by 
(equation 4.31):-

= (x^ + XgCOS* - y^sine + x^cosg + y^sing)
+ j(y^ + y^cos® + XgSin= + y^cosg - x^sing)

Where x^ and y^ are independent, zero mean, Gaussian
2random variables with variances .Thus will have a

2Gaussian distribution with zero mea nand variance , 
given by:-

+ Og + Gg  (4.62)

Similarly will have a Gaussian distribution with zero
2mean and variance G^ . The expected value of all xy terms.
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E(xy), will be zero, therefore:-

E(AiBi ) = ECx^sin^cos* - y^sin^cose + y^singcosg - x^singcosg)
2 2 = OgCsin^cose - sin=cos=) + a^Csingcosg - singcosg)

i.e. e Ca^B^) = 0............................ ........(4.63)

Thus A^ and B^ are uncorrelated, zero mean, Gaussian
random variables and are therefore independent. A similar
result may be obtained for the lower sideband with A^ and

2Bg having variances a^.
The envelopes of the two sideband signals will there

fore be Rayleigh distributed with parameter

0 =0^ = 0 = 2a^  (4.64)u L T

Following Rice (3), the joint probability density function of 
the two Rayleigh variables is:-

R R R,R /p/ R? +
P(R R ) = ^  I {- -----g-}exp{-^--- ^ ^ } " " ( 4 . 6 5 )

01 (1-/P/2) o 0(l-/p/2) 20(1- /p/2)

where I is the modified Bessel function of the first kind and o 2zero order, and /p/ is the squared magnitude of the complex 
covariance of the two signals. For a three station sideband 
diversity scheme /p/^ is given by equation (4.49).

It has also been shown (4) that:-
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where K and L are the complete elliptic integrals of the first 

and second kind. In series form;-

2 4
e CRt-R ) = ^  + -----.}  (4.67)2 T ^ G4

Normalising to obtain the correlation between R^ and R^

...............
{Var(R^)Var(R^)}

where as derived in Ch.2:-

e (Rĵ) = e (rJ  =  (4.69)

and
Var.(R^) = Var(R^) = (2 - -̂ )â   (4.70)

Substituting (4.67), (4.69) and (4.70) into (4.68) gives:-

"» ‘  w W / ' / '  '  ^ .........> ......................" ' " I

This means that the envelope correlation is very closelyK
2given by /p/ , as shown in Fig.4.6 (Table l). Tliat is:-
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P„ “ /p/2 = P p  (4.72)
® r2

Therefore:- 2 2 2
^1+ Og + 0^ + 20^02cos2= + 20^0^cos23 + 2020^cos2(=+g)

® (fîĵ + Og + fîj)®

(4.73)

For a 2 station sideband diversity system (O^ = O) 

the correlation between the sideband envelopes is:-

^2 + + 2fi n cos2=

Pr =------- ^ ----- ¥ ....   (4.74)
(fij_ + Og)

The correlation between the sideband envelopes for a 

sideband diversity scheme operating in a Rayleigh fading 

environment is thus dependent upon the relative mean levels 

of the received transmissions and upon the modulation phase 

angle(s). Zero correlation occurs with equal mean signals 

and a modulation phase angle of 90° in the two transmitter case. 
With three transmitters the optimum phase angle (zero cor

relation with equal mean signals, + 60° (°= = 60
3 = 6o) or +120°. A graph of correlation with various relative 

mean signal levels for the three transmitter case, with 

optimum phase angles + 60°, is shown in Fig. 4.7, and it 

can be seen that the correlation falls rapidly from unity 

even when relatively weak signals from a second or third
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transmitter are received. As will be seen later even high 

correlation between the sidebands will significantly reduce 

the probability of experiencing a deep fade.

In Fig. 4.8 correlation is plotted against modulation phase 

angle for the two transmitter case for various relative 

mean signal levels. The 90° phase angle although optimum is 

by no means critical. With equal mean received transmissions 

and a modulation phase angle of 60° the correlation between 
the sidebands is 0.25.

For a short baseline system, i.e. transmitters with 

separation in the order of tens of wavelengths then the mean 

signal levels of the transmissions will be approximately equal 

over the service area. In this case and assuming Rayleigh 

fading then the sideband correlation will be zero and the 

maximum advantage of sideband diversity can be achieved at 

all times.(Providing the transmitter separation is sufficient 

to ensure independent fading statistics over the service area). 

However with a multi-transmitter long baseline scheme then 

the mean signal levels of the transmissions will not be equal 

and the correlation will vary over the area. This is studied in 

section 4.6.

Sideband correlation with Rayleigh fading has been shown 

to range from zero, with equal mean signals, to unity when 

only one significant signal is received. However, the correlation 

will be modified by changes in propagation conditions. The 

correlation coefficient will have a value between 0 and -1 for
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two received signals of equal mean value, the former figure 

applying to truly Rayleigh distributed signals and the latter 

to line of sight transmissions as discussed in Ch.4.2. For 

propagation conditions between these extremes the minimum 

correlation, in the range 0 to -1, will depend upon the 

relative amplitude of the line of sight and scattered components 

Figure 4. 9 shows a U.V. plot of sidebands as received in a 

two transmitter S.B.D. system modulated with a continuous tone 

(iKHz). The carrier frequency is 99*55 MHz. With only 

one transmitter operative (lower trace) the sidebands fade 

in a correlated fashion. When both transmitters are in use 

(upper trace) the decorrelation of the sideband fades can 

clearly be seen. These recordings were made at a vehicle 

speed of approximately 27 m.p.h.

4.5. Improvement in Signal Distribution after Sideband Selection

The effect on the distribution of the sideband selected 

signal when a second transmission is introduced with a modulation 

phase shift of 90° was studied in Ch4.3. Having now established 

the correlation between the two Rayleigh fading sidebands 

in terms of the modulation phase shifts and relative received 

levels of the transmissions, it is necessary to study the 

improvement in signal distribution after selection, for 

varying degrees of correlation. With independant sidebands 

(zero correlation) the probability that the upper sideband
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envelope is below some arbitary level, at the same instant as the 

lower sideband is below the same level, is just the product of 

the independent probabilities. Thus, working in terms of 

envelope power (p^ = R^), the distribution function of the 

selected signal will be given by;-

F(x) = 0* nT h  ) '̂ï’2  (^-75)

= {l-exp(-^)}{l-exp(-^)}  (4.76)

Both sideband signals will have the same mean envelope power 

so that

— ^2 “ ^  (4.77)

The distribution function then becomes

F ( x ) = jl- expC-^)j.^ --- (4.80)

This distribution is shown in Fig. 4.10 together with

the single sideband Rayleigh distribution which will also

be the distribution of the selected signal with identical

sidebands (unity correlation). These curves are plotted

with the OdB reference level as the mediaJR value x of onem
sideband, given by:-

5 = exp(__m) ....(4.81)
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Taking logs;

X = nlog 2 = .6931 ^m n

That is ^ is 1.59 dB above the median value.

With correlated Rayleigh fading the distribution curves 

would be expected to lie between the two curves of Fig. 4.10 

The joint probability of two correlated Rayleigh variables 

is given by Rice (4) as:-

,2 _24R E 2/p /R R R‘ R‘

where = 0  (4.82)
2and /p/ is the magnitude of the complex correlation

The probability that both Rayleigh variables will be 

below some value x simultaneously is:-

X . ‘* ^ 2  2/p/R,Kp - 1  Rp
° ° %2(l-/p/2) (1-/P/2)’  ̂ (l-/p/h ¥  «^1^2

............(4.83)

This integral has been evaluated numerically by Staras(5), and 

later by Stein(6). The curves of Fig, 4.11 are obtained 

from their results. Stein gives:-

F(x) = 1-exp(-^) {1 - Q(ba) + Q(ab)}  (4.84)
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CO 2 2
Q(ah) = / exp C- "  Cax)x dx

By expanding the exponential and I^(ax) and taking leading 

terms, it may be shown that, for small x and l-/p/ reasonably 

non-zero, the distribution function of the selected

signal will be:-

x^
 (^^85)

Fig. 4.11 illustrates the reduction in variance that can be

obtained using a Sideband Diversity system for various

values of sideband correlation. Even with a high degree

of correlation between the sidebands (one transmission extremely

predominant) there is a significant reduction in the probability
2of deep fades. Thus even with /p/ = 0.8 there is a 15 dB

improvement at the 9 9 - 9 9 % reliability point.

The mean value of the signal after selection can be 

obtained from equation (4.80) for the zero correlation case.

Thus the probability density function after selection is 

given by:-

f(x) = 2{1 - exp (-^) } {exp— ........(4.86)
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and E(x ) = (x) dx = 1.50  (4.8?)

Thus the mean envelope power of the signal after the selection 

process will range from 0 with unity correlation to 1.50 with 

zero correlation.

The results obtained here and illustrated in Fig. 4.10 

and Fig. 4.11 together with the expressions for sideband 

correlation from Ch. 4.4. show that with optimum modulation 

phasing, the maximum improvement in signal distribution by 

sideband diversity is obtained with equal mean transmissions 

received at the mobile. However, even with high sideband 

correlation, occurring for widely different mean signals 

received from the different transmitters, there is a significant 

reduction in the variance of the sideband signal. Thus 

sideband diversity would give immunity to deep fading over 

a large proportion of the coverage area of a long baseline 

quasisynch. A.M. scheme as described in Chapter 2.

4.6. Sideband Diversity and Long Baseline Q.S. Schemes

In a long baseline Q.S. scheme the diversity improvement 

will vary over the coverage area because the sideband correlation 

is dependent upon the relative mean signals received from 

the different transmitters. The maximum improvement occurs 

when equal mean signals are received at the mobile; with
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differing mean signal levels the correlation will rise, 

tending to unity when only one significant transmission is 

received. This will correspond to a mobile being close 

to one transmitter, when the signal from that transmitter 

should be good enough to give an acceptable signal to noise 

ratio in a correctly designed system.

The variation of resultant power between transmitters 

in a 2 station Q.S. scheme, for a flat urban environment 

and assuming that the received power is proportional to 

(distance) ^ (T).j is shown in Fig.4.12.The OdB ref. level 

is the power at the mid-point between the transmitters. The 

second curve superimposes the diversity gain for 9 9 - 9 9 %  
reliability, and illustrates how the decrease in diversity 

improvement, due to higher sideband correlation, is closely 

matched by an increase in the mean received signal. The 

use of sideband diversity in a long baseline Q.S. scheme 

therefore gives a more uniform apparant mean signal level 

in the coverage area between the transmitters.

A similar result is obtained in 3 station long baseline 

Q.S. schemes. Figure 4.13 shows plots of mean power 

contours and sideband correlation contours for such a scheme, 

again for a flat urban environment. The OdB reference level 

is the mean power received at the centre of the area.

The maximum diversity advantage is obtained at the centre 

of the area (zero correlation) and decreases with increasing 

correlation as one transmitter is approached. However, this
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increase in correlation is closely matched by an increase in

mean signal power, so that highly reliable communications can

be established over a major part of the service area.

A restriction on the scale of a long baseline sideband 

diversity scheme is imposed by the relative time delay between 

the received signals when large path differences exist. Considering 

the sideband signals received from some remote transmitter with 

a modulation phasing of ^ compared with the signal received from 

a local transmitter, then the remote signal is described by:-

= cos ĵ(cô - w^^(t + t ) - ^j + cos + w^^(t + x)+

where x is the time delay.

From this equation it can be seen that the time delay 

introduces a modulation phase angle w^x. VThen the angle is equal 

to ^  the correlation between the sidebands at frequency will 

be unity. For a maximum modulating frequency of 2.5KHz this will 

occur when the relative time delay, x, is 100 microseconds, which 

is equivalent to a path difference of 30km.

This is only important when the two mean transmissions are 

within 20dB, since if they differ by more than this the sideband 

correlation will be very near to unity anyway.

Tlie likelihood of receiving two signals that are within 20dB 

and having a path difference of 30km depends upon the size of
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the coverage area and the terrain. For a flat urban area 

(P = d 3 < n < 4) and mobile operating on a line joining 

the two transmitters, the base stations would have to be 

spaced by 50 kilometres for a difference of l8dB in the signals 

received at 30km path difference (n = 3; n = 4 gives 24 dB).

The ratio will be greater than this for smaller base station 

separations.
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APPENDIX 4.1

Received Signal Distribution for 2 Station Sideband Diversity

The distribution function of the signal received in a Rayleigii 

fading environment for a 2 station sideband diversity scheme is given 

by equation 4.20 as:-

«.) . f  f  i • i
s-Pl _ ^

o o

Where are the mean values of the envelope powers p^, of the

individual transmissions.

Integrating wrt p^ gives:-

This expression can be rearranged to give:-

(s - p^)
 r —  • <^1

F(s) = /  exp( e x p l  ~ ]  exp - p^ | ̂  ] . dp^
"2

. (A4.I)

Integrating '.ort p^ gives:-

F(s) = 1 - exp 1 e x p ( ^ j  . jl - exp - s - i
I "2

which can be rearranged such that :-

- 90 —



^ ' " R ) • (?)

If ^ then equation A4.1 becomes

which integrates to give:-

F(s) = 1 - exp (if) - ÏÏ (if)
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F(s) = J  i (l̂ ) ' & (̂) ap^ . . .  (A4.3)

(A4.4)
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R 4(4 - it)

TABLE 1

]
/p/2 /p/'
1.0 1.0 0.5 0.474

0.95 0.943 0.45 0.425

0.9 0.888 0.4 0.376
0.85 0.833 0.35 0.328
0.8 0.780 0.3 0.28

0.75 0.727 0.25 0.233

0.7 0.676 0.2 0.185
0.65 0.624 0.15 0.138
0.6 0.574 0.1 0.092

0.55 0.514 0.05 0.046

Figure 4.6 Table 1 Agreement between the correlation of the
sideband envelopes, p , and the squared magnitudeK
of the complex correlation /p/2.
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5* DATA COrvBIUIJICATIONS
5.1, Introduction

The importance of the reduction in variance of the re

ceived signal under multipath fading conditions, achieved 

by diversity operation, is dependant upon the redundancy 

of the method of communication. Satisfactory speech-com

munication can often be established over fading channels, 

particularly with experienced operators, because of the 

inherent redundancy of speech. Existing mobile radio systems 

are almost exclusively designed for voice communication and 

the improvement obtained by the introduction of a diversity 

system do not justify the additional expense and complexity 

involved. Data systems do not have the redundancy of speech 

however, and require a much higher standard of channel integrity. 

The increasing importance of data systems and possible ap

plication of such systems in the mobile radio field implies 

that an economic diversity system will be required to ensure 

reliable and efficient data communications. Sideband diver

sity is just such a system.

The use of sideband diversity for the transmission of 

data means that the binary data has to be modulated onto 

an audio frequency sub-carrier to remove the low frequency 

components and facilitate signal processing. The suitably 

modulated sub-carrier is then amplitude modulated, after 

processing, onto the R.F. carrier. Diminished, suppressed 

or full carrier A.M. transmitters can be used. This makes 

possible the use of commercial modems, designed for voice 

frequency data transmission by line.
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5.2. Data Modulation Methods

The choice of the method of data modulation onto the 

audio frequency sub-carrier is affected by many factors, 

not least of which is sensitivity to amplitude variations 

caused by fading. Frequency and phase modulation are in

sensitive to these amplitude variations, since after limiting 

only the angle modulation reaches the demodulator. Frequency 

shift keying (F.S.K.) and phase shift keying (P.S.K.) are 

therefore the basic methods of digital transmission over 

bandpass channels. Both systems can operate coherently or 

essentially incoherently, the coherent systems having a 

marginally better noise performance (< IdB at an error rate 

of 10 ). The phase reference for differentially coherent

phase shift keying (D.P.S.K.) is obtained from the phase of 

the previous pulse.

The white noise performance of the various P.S.K. and
-hF.S.K. methods is very similar; for an error rate of 10 

a P.S.K. system will require a S.N.R. of 8.H dB., D.P.S.K. 

requires 9*3 dB. and F.S.K. requires 11.T dB. (l). The 

performance of these systems in an impulsive noise environment, 

e.g. mobile radio, is such that the spread in error rates 

among the different modulation methods will be less than for 

additive Gaussian noise (,2). An experimental comparison of 

D.P.S.K. and F.S.K. confirmed that if the noise impulse was 

of peak value equal to the signal and of length greater than 

half the data clock period, an error would occur regardless of
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the mode of data modulation (.3). Thus in an impulsive 

noise environment D.P.S.K. does not appear to have any ad

vantage over F.S.K.

A major factor in the performance of data systems over

narrow bandpass channels is delay distortion caused by the

use of sharp cut-off filters to isolate adjacent channels.

Departure from a linear phase frequency characteristic distorts

the received pulse and causes intersymbol interference.

D.P.S.K. is much more sensitive than either F.S.K. or coherent

P.S.K. to this type of distortion because of the comparison

of two distorted signals (2) )bhe difference amounting to the

order of lOdB channel impairment in some cases. Thus D.P.S.K. 
will need much more attention to careful filter alignment in

the first instance and may require more routine alignment

during the life of the system.

In the sideband diversity system described in Chapter h, 
the carrier for the I.S.B. signals is inserted locally at 

the receiver and will therefore be in error by some small 

amount unless the local generator is in some way phase locked 

to a transmitted carrier or pilot. The performance of the 

data system with a frequency offset is therefore important. 

When synchronous data detection is used as in a coherent 

P.S.K. system the phase reference is obtained from the data 

signal itself, or from some auxiliary signal which accompanies 

it. As long as the modem can track the frequency offset 

then no additional errors will be introduced.
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In the case of non-coherent F.S.K. a frequency offset 

results in a d. c. displacement of the entire demodulated 

wave and all decision thresholds are equally affected.

Provided that the frequency deviation used is large compared 

with the likely offset the effect would be negligible, 

particularly at high signal to noise ratios.

D.P.S.K. is also sensitive tu frequency offset which 

again affects the decision threshold. Since the phase in 

a given clock period is compared with that in the previous 

clock period, an offset Am produces a phase error AmT, where 

T is the data clock period. For a binary D.P.S.K. system, 

the phase change decision level is± ̂  and therefore to avoid an 

error under noise free conditions the angular frequency 

offset tolerable is given by:-

Am <    (5-1)

The corresponding frequency offset Af is given by;-

Af < ^   (5.2)

Thus the frequency offset must be much smaller than one quarter 

of the transmission rate for a binary system.

However, this is not the only problem in D.P.S.K. systems, 

since some modems employ high Q resonant circuits to store the 

phase of the preceding symbol. This makes them far more 

sensitive to frequency offset than the above calculation suggests
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A further consideration that must be given to the choice of

data system for use in mobile radio is the sensitivity of

the system to adjacent and co-channel interference. If the 

interference were equivalent to white noise then the S.N.R. 

advantage of P.S.K. systems would apply. However, the type of

interference likely will either be speech or data. An

experimental study (U) of the effects of co-channel data 

interference suggested that for binary F.S.K. a protection
-Uratio of 5 dB. was necessary to achieve a 10 error rate, 

whilst for quaternary DPSK the equivalent figure was 

12dB. In a white noise environment quaternary DPSK requires 

a signal to noise ratio 2dB above that of binary FSK for an
— Uerror rate of 10 . The effect of sinewave interference on

data demonstrated that DPSK was sensitive to this form of 

interference over virtually the whole of the modulation band

width, whereas FSK was sensitive only at frequencies close to 

(b̂ ut not coincident with) the keying frequencies. Thus where 

interference is broad band (eg data signal) only a small part of 

the interfering energj'- is available to cause malfunction in the 

FSK case, whereas virtually all does so in the DPSK case.

A similar effect could be expected for adjacent channel speech 

interference, which could be expected to occur continuously 

for D.P.S.K. but for F.S.K. only when one of the speech 

formants is near one of the keying frequencies.

The speed of the data transmission is restricted by the 

available bandwidth, which for a standard 10.7 MHz I.F. 

filter for 12.5 KHz channel spacing at V.H.F. is nominally 

7-5 KHz. Allowing 1 KHz to separate the two sideband spectra
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leaves approximately 3 KHz for each sideband channel. For 

binary systems a data rate of 1 baud/ Hz of bandwidth is 

theoretically possible, thus the maximum data rate is 3 k bits/sec 

A quaternary system has twice this speed, therefore the data 

rate can be increased to 6k bits/sec by using a k level P.S.K.

(or D.P.S.K. ) system. However, quaternary systems require 

a higher signal to noise ratio for a similar error performance 

to binary systems and are more sensitive to frequency offset 

and delay distortion. Four level D.P.S.K. systems also 

perform worse under fading conditions as will be shown later.

5.3. Error Performance of Non-coherant F.S.K.

The error performance of the various data modulation 

methods in a white noise environment is similar to within a few 

dB. The performance of one system, non-coherent F.S.K. with 

dual filter detection will be analysed, to illustrate the 

performance of a data system under fading conditions and to 

show the improvement in error performance that can be achieved 

by a sideband diversity scheme with no frequency offset.

In a simple non-coherent F.S.K. system, as illustrated 

in Fig. 5-lj with rectangular frequency modulation and constant 

amplitude, the transmitted pulses can be described by:-

S(t) = A cos CÜ t for Mark )
^ I 0<t<T  (5.3)

= A cos Wgt for Space)
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where A is constant and w , w are constant over any informationm s
pulse of duration T, The F.S.K. receiver consists of two 

channels, one tuned to the mark frequency and the other to 

the space frequency. Tlie outputs of the two filters are 

envelope detected, compared, and sampled at some appropriate 

instant during the information pulse to determine which binary 

symbol was transmitted.

Assuming that both signals and filters are ideal such 

that there is no crosstalk or inter-symbol interference, then 

when a mark is transmitted the output from the mark filter 

will be signal plus noise and the output from the space filter 

will be noise alone. With ideal filters, that is no overlap, 

and white noise at the filter inputs, the noise output of 

the two filters will be uncorrelated. If the signal at, 

the output of the filter with the tone applied is v(t) 

then the output of that filter (signal plus noise) is given 

by ;-

e(t) = v(t) cosw^t + n(t)  (5*^)

The noise n(t) is band limited and can therefore be 

represented by (Appendix 5-l):~

n(t) = x(t)cosw^t - y(t)sinw^t .............. (5-5)
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Both x(t) and y(t) are slowly varying random functions of time 

The random variables x and y are independent, zero mean, 

Gaussian random variables with equal mean squared values 

given by:-

E(x^) = E(y^) = E(n^) = K  (5.6)

The output of the filter with the tone applied can therefore 

be expressed as:-

e(t) = {x(t) + v(t)}cosm t - y(t)sinw t  (5*T)m M

Rewriting this in equivalent form gives

e(t) = r Ct)cos{m t +  (5*8)1 m
where

r^ = {(x + v)^ + yZ}2 = {a^+ y%}^

= tan ^ ^  = tan ^ ^x+v a

The random variable a = x + v  has a Gaussian distribution 

with a mean value of v. The distribution of the envelope 

r is obtained by observing the one to one correspondence of 

a, y and r^, (j>, illustrated in Fig. 5.2, thus:-

f(r^*)dr^d* = f (ay)dady  (5.9)
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The random variables a and y are independant therefore

fCry^)drd$ = f(a)fCy)dady

A  exp - hâ=0£_i_idi a a d y  (5.10)

Rewriting in terms of r and (f) from equation (5*8) gives

, {r^+ v^-2rv cos (})}
f(î̂ 4)ar̂ d<t. = —  exp - ------ — --------  dady

Converting to the rcj) coordinates such that;-

dady = r̂ dr̂ di})  (5.II)

gives :•

r {r^ + v^ - 2r V  cos
^ 2 ^  “ 2N  (5.12)

The distribution of the envelope r is obtained by integrating 

over so that :-

f(r^] = f (r̂ 4) ) dc{)  (5*13)

This integral has been evaluated by Rice C 5) vho gives

r r^ + r V
f(q) = -H exp - (— )  (5.1O

0<r^<™
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where I (_z) is the modified Bessel function. This is the o
well known Rician distribution for the envelope of a sine 

wave plus band limited noise.

The distribution of the envelope of the filter containing 

noise alone r^ is the Rayleigh distribution derived in 

Appendix (.5*2) and given by;-

1*2 rg
^(^2^ ¥ “ " 2N

0 <r^ < « .............. (5.15)

An error occurs whenever the envelope of the filter 

containing noise alone,r^,exceeds the envelope of the signal 

plus noise,r^. The probability of error is given by evaluating 

the probability that r^ exceeds a fixed value of r^ and then 

averaging over all r^. Thus the probability of error, P^, 

is given by:-

...........<5.l6)

The Rayleigh density fCr^) integrates readily (Ch.2 ) and

thus P^ is given by:-

2r
^0 exp - ^  ar^   (5-lT)

Substituting for f(r^) from eqn.(5*1^) gives:-
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r  ̂ 2
Pg = 0-̂ “ /  ■ IT ' In a  "ï ”  (5.18)

This integration can he carried out by introducing a dummy 

variable such that:-

= Æ  m  and dr = dx  (5.19)1 /2

Substituting (5.19) into (5.18) gives:-

"e = 0^” A  ^

2 2 2 1 X X /V  ̂ V \ _ /r V \ ^= ^  exp - ^  exp - + 5^) Iq — ) dx

2 2 -o 1 V .°°x , X  ̂ /V \2 1 \ ^ ,r V \= 2 exp - 0/ % exp - ( + t— ) . — ) Iq -^) dx

 (5.20)

The integral in this expression is identical with the Rician

density function of eqn.[5.1^) except that v has been replaced

by The integral evaluated over the range 0 to °° must/2
therefore equal unity. The probability of error then 

becomes :-

2
P = 5  exp - ttt ...........................(5.21)e 1+N
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Since v is the peak signal amplitude, the signal power is 

given by and therefore the power signal to noise ratio,

Y, is given by:-

2
S.N.R.Y = ^   (5.22)

Thus the probability of error in terms of the power signal

to noise ratio y is:-

Pg = Î exp - I   (5.23)

The probability of error with a non-coherent F.S.K. 

system thus decreases exponentially with the power S.N.R. 

y. The error curve corresponding to eqn.C5*23) is plotted 

in Fig. 5.3 . Minimal probability of error is achieved by 

maximising the S.N.R. which implies that each of the two 

narrowband filters should be matched to their respective 

signal inputs. This is usually achieved by having a filter 

with a bandwidth equal to the reciprocal of the pulse length. 

However, this ignores the problem of intersymbol interference, 

and some signal shaping or increase in bandwidth may be required.

5.4. Noncoherent F.S.K. over fading channels

Having established the performance of noncoherent F.S.K. 

with steady signals and white noise, the next step is to
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consider how this performance is degraded by the fading channel 

and to study the improvement that can be achieved by diversity 

operation. Most of the literature on the performance of 

binary systems over fading channels assume Rayleigh fading at a 

rate which is sufficiently slow compared with the bit rate, 

the amplitude of the signal may then be regarded as constant 

during each pulse. The effect of frequency selective fading 

is also ignored, which implies that no significant pulse 

lengthening occurs and therefore that no intersymbol inter

ference is introduced. However Bello and Nelin have studied 

the influence of fading which is not slow compared with the 

bit rate ( 6) and also the effect of frequency selective 

fading on binary error probabilities ( 7 ). Both of these 

conditions are independant of mean signal strength and hence 

introduce irreducible error probabilities. In the mobile 

radio environment at V.H.F. and U.H.F. these irreducible error 
probabilities will generally be insignificant compared with the 

high probability of error caused by the Rayleigh fading en

velope, however their limiting effect will be studied later.

The effect of multipath fading is to cause the received 

signal amplitude to fluctuate randomly, following a Rayleigh 

distribution. Evaluation of the probability of error for 

the fading case is achieved by averaging the error probability 

obtained under steady signal conditions over the Rayleigh 

fading p.d.f. given by (Ch. 2.2
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f(v) = f A e x p - ^    (5.21*)

2where = Mean value of v

Averaging eqn.(5*2l) over the Rayleigh p.d.f. gives 

the average error probability for the fading case;-

"e  (5.25)

Evaluating the integral gives:-

■  r r c  ........................2N

The mean signal power is given by;-

<%2> = n  ( 5.27)
2 2

and therefore the average probability of error expressed 

in terms of the mean S.N.R. is given by:-

P = 1  (5.28)
® 2  +  y  ........................o

where y = mean S.N.R. averaged over the fading statistics, o

Thus the effect of fading is to increase the probability
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of error drastically as illustrated in Fig. 5-4. The error

probability now decreases- inversely as the average S.N.R.

rather then exponentially as in the non-fading case described

by eqn. [5.23). It can be seen from Fig. 5.4 that a 
“3 •of 10 requires a 30 dB S.N.R. and that an order of magnitude 

improvement of P^ can only be achieved by an increase of 

10 dB in the S.N.R.

Similar analysis can be carried out for other forms of 

digital modulation (. 8 ), and the relative performance of 

non-coherent F.S.K., D.P.S.K., coherent F.S.K. and coherent 

P.S.K. are illustrated in Fig. 5•5* D.P.S.K. performance 

is almost identical to coherent F.S.K. performance and gives 

a 3 dB improvement over non-coherent F.S.K. under both steady 

signal and fading conditions. Coherent P.S.K. gives an 

additional 3 dB improvement over coherent FSK again under steady 

and fading conditions. A fuller comparison of various 

modulation methods operating under steady state conditions is 

given in Bennett and Davey(l).
The error probabilities presented here are average 

probabilities and give no indication of the distribution of 

errors. Errors will occur when the Rayleigh fading carries 

the signal do-̂ m into the noise and under such conditions 

the error probability will rapidly approach 0.5, because 

of the restricted range of S.N.R. (4 dB) which differentiates 

between good and poor error performance as illustrated in 

Fig. 5.3. Thus the average error performance, illustrated
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in Fig. 5*^ for Rayleigh, fading conditions, is achieved with 

hursts of errors occurring during the signal fades. At a fixed 

operating frequency the duration and frequency of error 

hursts is dependent upon mean signal level and vehicle speed. 

The use of error correcting codes to improve the error 

performance (which is a form of time diversity) under such 

conditions is obviously impractical. Such codes could he 

used to advantage with diversity operation when the occurance 

of errors will he more random.

5*5* Sideband Diversity Improvement with Non-coherent F.S.K.

It was shown in Chapter 4 that the degree of correlation 

between the sidebands, in a sideband diversity scheme operating 

in a Rayleigh fading environment, is dependent upon the 

relative mean signal strengths of the received transmissions 

and upon the modulation phase angle(s). With optimum phase 

angle and equal mean signals, as in a short baseline scheme, 

the sideband correlation is zero, i.e. independent sidebands.

In a long baseline scheme the correlation varies from zero 

to unity when only one significant transmission is received.

The improvement in error performance with independent side

bands will be considered first.

The distribution function of the envelope power after 

sideband selection is obtained from Chapter U eqn. (4.79) 

as
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Fgüc) = t 1 - exp - I F   (5.29)

where ü = mean value of x

With the power signal to noise ratio y defined, as before, as:

Y = If  (5.30)

and the mean S.N.R. averaged over the fading statistics asr

= &   (5.31)

The distribution function of the S.N.R. after selection is 

given by:-

Fg(y) = {1 - exp -  (5.32)
o

The p.d.f. fg(y) is obtained by differentiating the dis

tribution function. This gives:-

f (y) = 2{1 - exp - ^  }—  exp - ^   (5-33)

Recalling that the probability of error under steady signal 

conditions is given by (5.23):-
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= 2 exp - I

Averaging eqn. (5.23) over the p.d.f. given by (5.33) gives 

the average probability of error after sideband selection:

P^ = exp (- -^).2{1 - exp - exp - ^  dy
o o o

(5.34)

= ^  q/ exp{-y(^ + |-)}- exp {-y(|“ + -^)}dy
0 ^0 Yq

This integral evaluates readily to give, after some manipul

ation, the probability of error after selection as:-

................ (5.35)
o ô

2

Equation (5.35) is illustrated in Fig. 5.6 together with

the error probability curve for the non-diversity case.

The improvement in error performance with diversity operation

for Rayleigh fading conditions is dependant upon the mean

signal to noise ratio. An order of magnitude improvement

is achieved at a mean S.N.R. of 15.5 dB. Higher signal to

noise ratios give even further improvement in the average
— 4error probability. Thus an error rate of 10 can be achieved 

at a S.N.R. of 23dB.
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The improvement in error performance when the side

band signals are correlated to some degree will be less 

than that shown in Fig. 5.6, but not drastically so for 

correlation coefficients less than 0.8. The calculation 

of error probability for selection schemes with correlated 

Rayleigh fading cannot be achieved analytically, however, it 

can be done for square law combination schemes which have 

only a slight advantage over selection for dual diversity. 

Pierce has studied the effect of correlation between diversity 

branches on error performance and Fig. 5*7 is obtained 

from his results. The degradation of diversity performance 

is only significant for a high degree of correlation, or at 

low signal to noise ratios.

5.6. Irreducible Error Probabilities

The study of error probabilities due to multipath 

fading, in the previous section, assumed that the fading 

is slow in comparison with the bit rate and that no frequency 

selective fading occurs. However, these assumptions may 

not be valid and if the fading rate is high, or the dur

ation of a signal interval long, then consideration must 

be given to random fluctuations of amplitude, phase and 

frequency between one signal interval and the next. Alter

natively, a large bandwidth is required for high transmission 

rates and then frequency selective fading causes pulse dis

tortion and intersymbol interference. Both fast, non-selective
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fading and slow, selective fading introduce a limiting 

error performance that is independant of signal to noise 

ratio. These irreducible error probabilities are improved 

by diversity operation.

As a first approximation, the total error probability 

for a fading channel is given by (2):-

P = pi + p2 + p^  (5.36)e e e e

where P^ is the probability of errors due to

random noise and Rayleigh fading.
2 .P^ is the probability of errors in the 

absence of noise due to random varia

tions of phase or frequency.
3P^ is the probability of error in the 

absence of noise due to intersymbol 

interference caused by frequency sele

ctive fading.
3 2P^ need only be considered when P^ can be disregarded and

vice versa, since one is only significant for slow data rates

and the other significant only for high data rates.

With a sideband diversity scheme operating in the channel

spacings available at V.H.F. and U.H.F. errors due to frequency

selective fading will be insignificant due to the restricted

bandwidth available. However, the errors due to random
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variations of phase or frequency may well be significant, 

particularly at U.H.F. frequencies. Under these conditions 

D.F.S.K. performance would be degraded more than non-coherent 

F.S.K. since the variation in phase over 2 bit intervals, 

rather than one, must be considered.

For a D.P.S.K. data system Voelker (9) gives the probab

ility of error P , when taking into account the fading 
^1

spectrum, as:-

1 + y j l  - 9)  (5.37)
e^ = 2(y^ + l)

where = mean signal to noise ratio.

0 = the autocorrelation of the in

phase or quadrature component 

of the Guassian fading over a 

pulse length.

For dual diversity operation, with square law combining the

error probability P is given by;-
^2

Y^(2 - 0 — 0 ^ ) + y  (_4 - 0 ) + 2 
P = {P } {— ------- 7-7-------------- } ...(5.38)

After some manipulation this can be expressed as:-

2y^ + Y^0 + 2
P, = (Pe ) { Y + 1 >  (5.39)2 1
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The irreducible error probability due to the fading spectrum 

can be found by taking the limits of (3.3T1 and (5.391 as 

tends to infinity. Thus ;-

Pp , = -i-.T. e.  (5.i*o)
l/y.. 2

= {--> -->^{2 + 6}  ....(5.41)
Y

The autocorrelation 9 over a pulse length T is given by (Ch2.2):

= J (w.T)  (5.42)o u

Substituting (5.42) into (5.4o) and (5*4l) gives the irreducible

error probability due to the fading spectrum. Expanding

J (w^T) and taking leading terms gives o d

\   (5.H3)

where f^ = ^

f^ = max. dcppler frequency (f^v , Ch.2.2)
c

For the dual diversity case

TTf-

P = {P^ }Z{3 -Cm— )2}  (5.44)
"1 ^s
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These irreducible error rates are illustrated in Fig 5.8.

The error rate due to random frequency modulation at a vehicle

speed of 60 m.p.h. when operating at V.H.F. (lOOMz) with a
-kdata rate of 1.2KBits/sec is 2.77 x 10 '. With diversity this 

reduces to approximately 2.31 x 10 At U.H.F. (450Miz)

and the same data rate and vehicle speed the comparative figures
“3 ~5are 5.6 x 10 and approximately 9.39 x 10 with diversity.

These figures are for binary D.P.S.K. operation, the non

coherent F.S.K. figures will be approaching ten times better 

(6).
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Appendix 5.1

Band Limited Noise

One form of the Fourier series representation of noise, 

illustrated in Fig. A5-1, is given by Bennett (8) as:-

n(t) = Z cos(w^t + <^^) . . .  (A5-1)
m=l

Where (p̂  is a uniformly distributed random variable and the 

different ())̂ are assumed independent. Although the Fourier 

amplitudes are not random in this model, the random distribution 

of the phase angles ensures that n(t) is Gaussian distributed,

When this signal is passed through a narrow band linear

filter with centre frequency, f^, and bandwidth B, where

B «  f^, then most of the coefficients of eqn. (A5 .l) will be zero

or near zero. The only ones differing substantially from zero

•vrill be those values Of f within the bandwidth B about f. .m o

To portray the narrowband character of n(t) analytically,

let Ü) = (ü) - oj ) + CO , thus m m o o

00

n(t) = Z A g  f Af CCS R (0 - c o ) t - ( o t + ( } ) l-, n m m o  o mm=l L -*

Expanding this equation in terms of and ((ô - cô ) gives
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oo
n(t) = Z A g  f If cos f(co - w )t + 4 COS w t n m m o  ml om=l L -*

Z A g  f Af sin ((0 - (0 )t + 4) sin w tn m : 1_ m o m J om=l
. . . ( A 5 . 2 )

That i s:

n(t) = x(t) cos u^t - y(t) sin w^t . .(A5.3)
where x(t) = AC- f Af cosn m

and y(t) = A G f Af sin n m

( (0 - ÜJ )t + (j)m o n_
( w — a))t + 4>m o  m

Both X  and y are slowly vaî '-ing, zero mean, random functions 

of time. They are Gaussian distributed by virtue of the 

central limit theorem, with a mean squared value

E(x^) = E(y^) = E(n^) = N . . .  (A5.4)

The probability density function is given by:- 

1
f(x) = /2itH exi -(— )\2ttN / . . (A5.5)
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Appendix 5.2

Distribution of the envelope of band limited noise

The output of a filter with noise alone at its input 

can be represented by (Appendix 5.I):-

e(t) = x(t) cos Ü) t - y(t) sin w t m m

where x and y are zero mean, independent, Gaussian random variables

with equal mean squared value, N.

In equivalent form:-

e(t) = r(t) cos (w^t + (f)(t)) 

where r = (x^ + y^)^
—1and 4 - tan y_

X
The distribution of the envelope, r, is obtained by transforming 

from the Cortesian to polar co-ordinates. Thus:-

f(r4>)drd({> = f(xy) dxdy

Since the random variables x and y are independent, this can be 

expressed as:-

f(rcj)) drdcf) = f(x)f(y) dxdy

&  “ I’ (■

»
2ttN

1
2ttN exp -£7 dxdy . . . (A5.6)

Transforming differential areas gives 

dxdy = rdr.d({)
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Substituting into eqn (A5.6 ) gives:-

Therefore

M  \ ~ W ) . . . (A5.T)exp ^

The distribution of the envelope, r, is obtained by integrating 

overall values of 4>, so that

-nf \ r -r^
= I  0 < r < »

which is the well known Rayleigh distribution.
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6. • EXPERIMENTAL SIDEBAND DIVERSITY SYSTEM

6.1. The LoHK Baseline Scheme

The -work on Sideband Diversity was carried out in con

junction with a project sponsored by the Home Office to 

investigate the scientific problems involved in the trans

mission of speech and data in both directions between a base 

station and mobiles in a typical U.K. land mobile environ

ment. A three station, long base line, quasi-synchronous 

scheme operating at 99*55 MHz., was established in the geo

graphic region south of Bath and Bristol as part of this 

project. Extensive tests were carried out using this scheme 

to study the effectiveness of Sideband Diversity for data 

transmission to vehicles. The simultaneous transmission 

of speech and data to the mobile, in a 12.5 KHz. channel 

spacing, was achieved by radiating single sideband speech 

quasi-synchronously from the three sites with a guard band, 

between the speech and data ’channels ’ of 1.5 KHz.

The three base stations for the scheme were set up 

on hill top sites at the University of Bath (600 ft. A.S.L.), 

Dundry Hill (t6U ft. A.S.L.)and Cranmore C 900ft A.S.L. ) 

in the Mendips. These locations are illustrated in the map 

of Figure 6.1 which shows the base stations situated on the 

corners, of an approximately 2h km. triangle. The transmit 

and receive aerials at each site were folded dipoles with 

a single reflector, pointing towards the centre of the
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coverage area. High hand V.h .F. radio links, with 6 element 
Yagi arrays, carried the modulating signals from the control 
site at Bath-to the slave sites at Dundry and Cranmore (Fig. 6.2) 
A block diagram of the Bath control site is shown in Figure 
6.3 and of the remote sites in Figure 6.Î+ . The receivers 
located at each site were used in a long baseline diversity 
system for the return path (mobile to base) experiments which 
were carried out as part of the H.O. project.

Transmission of the speech and data baseband signals 

to the remote sites was achieved by the use of "One plus one" 

equipment (Pye Telecomms.), which gives, in effect, two 

baseband channels over each link. Using this equipment the 

baseband speech signal is S.S.B. modulated onto a high audio 

sub-carrier and a link with a relatively high A.F. bandwidth 

is employed. The outputs of the S.S.B. and data transmitters 

are combined in a hybrid combiner before being applied to 

a common aerial.

The D.S.B. transmitters used for the data transmission 

were designed for a previous research project ( 1 ) and 

could be operated either in the conventional a.m. mode 

(with a carrier power of 5 watts) or as diminished or suppressed 

carrier transmitters. The radiated spectrum of the D.S.B. 

transmitter, when modulated with a 1200 baud pseudo random, 

F.S.K. data signal is shown in Fig. 6.5* The combined output 

of the data and S.S.B. transmitters is shown in Fig. 6.6 ,

where the speech channel is modulated by a conventional two 

tone signal and the data channel by F.S.K. random data.
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A high degree of frequency stability is required for 

satisfactory Q.S. operation and this was achieved with frequency 

synthesisers, at each site, operating with a well aged, 

oven stabilised 5 MHz.standard, offering a frequency stability
g

of a few parts in 10 per month. A voltage controlled cry

stal oscillator at a sub-multiple of the carrier frequency 

(99*55 MHz) is counted down and phase locked to the standard, 

to control long term drift. The three transmitter outputs 

were initially set to -1, 0 and + 1 Hz. w.r*t. 99*55 MHz. 

using an off-air standard and any consequent relative frequency 

drift was monitored at the control site by using a monitor 

receiver to check the rate of carrier beats. The frequency 

standards were re-adjusted if the difference frequency exceeded 

3 Hz., but this only proved to be necessary twice during the 

lU months that the scheme was fully operational.

6.2. Control Site Equipment

The two types of modem available for field trials of 

S.B.D. were;-

1. Rixon D.S. l800 - Asynchronous F.S.K. modems 

with a maximum data rate of l800 baud and mark 
and space frequencies of 1300 Hz. and 2100 Hz. 

respectively. Receiver input level 0 to - 30dBm.
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2. ICC CM244-A - Synchronous 4 level 

D.P.S.K. modems operating at 2400 

baud with a carrier frequency of 

l800 Hz. Frequency spectrum from 

1200 Hz.to 2400 Hz. Receiver in

put level 0 to - 36 dBm.

A data pattern generator, with an adjustable bit rate, 

provided the 511 bit, pseudo random, data test sequence used 

for the F.S.K. data trials. The D.P.S.K. modems had an 

internal test sequence generator.

The phasing of the F.S.K. or D.P.S.K. data signals, 

required by a sideband diversity system, was carried out at 

the Bath control site, where phase angles of

0° and 90° or 0° and +120° could be selected for 
two or three station operation respectively.

This was achieved by applying the modem output signal to 

two, active, all-pass networks which had similar phase 

frequency characteristics, but displaced by 90°, over a 

restricted bandwidth. For a bandwidth of 300 - 3000 Hz 

a phase difference of 90° + 1.1° can be achieved with two 

isolated R.C. sections in each of the all pass networks (2). 

Modulating signals with any relative phase shift can be realised 

by scaling and summing the 90° phase shifted signals (or 

their inverse) as illustrated in Fig. 6.7 for the + 120° case.

The transmission channels from the phase shifting network 

to each of the three Q.S. transmitters must have closely 

similar phase frequency characteristics in order to maintain
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the desired phase relationship of the modulating signals. 

Measurements of the phase response of the "one + one" equip

ments and link transmitter and receiver operating "back to 

back" in the laboratory gave a characteristic which was 

almost identical for the Dundry and Cranmore equipments.

An equalising network with the same characteristic was there

fore required for the modulation applied to the Bath trans

mitter.

Phase equalisation is generally achieved by using all 

pass networks which have a transfer function of the form:-

(s - a ){(s - 0
H(s) = ------- i----------§------- 2_  (g.i)

(s + a^){(s +

The poles of this function are only in the left half of the 

s plane and the zeroes are mirror images of the poles about 

the jo) axis, as illustrated in the pole zero plot of Fig. 6.8.

A computer programme which plotted, on a V.D.U., the phase 

response of such networks for given pole zero positions was 

used to determine the transfer function of the equalising 

networks. This was achieved by simultaneously displaying on 

the V.D.U. the measured link equipment characteristic and 

inserting or moving the singularities until the two curves 

were coincident. Figure 6. 9 shows the two characteristics 

obtained using this programme for tne final pole zero positions 

The equalising circuit was implemented by the cascade 

connection of one first order and four second order active
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all pass networks whose circuits are shown in Fig. 6.10 

and Fig. 6.11. Ttie all pass function can he expressed in 

terms of either the pole zero positions or the

natural frequency and Q factor given by:-

0)̂  = cr + wn o o 1
(w2 +

Q = ^   (6 2)
2%

The transfer function of the first order all pass network 

is given by:-

HCs ) = ^ ^   (6.3)
1 + sCR

The transfer function of the second order network is given 

by:-

h Cs } = «. s  ̂+ s (1/Q - 2Q(l - +0)2  (6.4)

s^ + swn/Q "n

.2
With « = ----- p—  this becomes

1 - Q

H(s) = - "“n/Q. + “n........... .............
S^ + SO)"n/Q "n
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%a + %b 1 + Q"

The pole zero positions for the network give:-

%  g

1. 2.25
3X 10^ -

2. 8.3
3X  10^ 0.721

3. 15.8 3X 10^ 1.58
4. 19.9

3X 10-^ 1.66

5. 23.85 X 10^ 1.49

Because of their low Q factor the second order sections 

were individually set up by earthing the amplifier positive 

input, so that the circuit reverted to that of a second 

order low pass filter, and adjusting and Rg to achieve 

the required phase shifts at (90^) and (tan ^ ,66/Q).

The ratio of R^/R^ was then adjusted for a flat magnitude 

response after reconnecting the positive input. The phase 

characteristic of the complete equalising network, comprising 

of the five cascaded all pass networks together with input 

and output buffer amplifiers, is shown in Fig. 6.12, with 

the link equipment characteristic shown for comparison.
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The two curves diverge at the edges of the band, but over 

the range 4-00 — 2400 Hz. the maximum error is 8°. A lumped 

LC delay circuit which gave a time delay of JO y secs, was 

also included in the Bath channel to compensate for the 

propagation time to the remote stations.

6.3. Mobile Equipment

Apart from a few early tests the majority of the field 

trials were carried out using a Morris Marina estate car 

equipped with only the normal standard of radio suppression, 

as supplied to private users. The receive aerial used for 

the data tests was a quarter wave whip, mounted at the centre 

of the vehicle’s roof (photo Fig. 6.13). Ignition noise 

measurements made by H.O. personel indicated that the vehicle 

was suppressed to an "average degree" (Fig. 6.l4).

The mobile receiver (Fig. 6.15) "̂fEis an S.T.C. A.M.681 

type fitted witlr a 12.5 KHz. channel spacing filter and with, 

the first local oscillator replaced by a commercial synthesiser 

(,Pye H.S.400). The 450 KHz. second I.F. signal was fed to 

an independent sideband demodulator operating on the phasing 

principle Cs). Three cascaded first order, all pass circuits 

were used for the «= and 3 networks to produce a 90° differential 

phase shift over the frequency range 300 - 3000 Hz. The time 

constants of these networks are shown in Table 6.1.
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Table 6.1 Phase shift network time constants (microseconds)

3

1695.41 498.91
235.92 119.29
56.413 16.6

The circuit diagram of the demodulator is shown in Fig. 6.16. 
Product detection of the I.F. signal is carried out in two 

paths, one being in phase quadrature with the other. The two 

90° phase shifted local oscillator signals at 450 KHz.are 
obtained from the quadrature outputs of a divide-by-four 

circuit driven by a 1.8 MHz.crystal oscillator. The capacitors 

and Cg remove the I.F. from the product detected signal 

before application to the phasing networks and any phase 

shift at audio frequencies caused by these capacitors must 

be equal for both paths. The differential 90° phase shift 
of the two networks ensures that one sideband signal is in 

phase and the other in anti phase, and if the outputs of 

the equalising networks are added one sideband signal will 

reinforce while the other cancels. The degree of cancelling 

depends upon the accuracy of the 90° phase shifts and upon the 
equality of the amplitudes. The sideband isolation achieved 

by this circuit is better than 40 dB over the audio bandwidth 

and is illustrated in Figure 6.17, which also includes the effect 

of the fourth order Butterworth bandpass filters (300 - 3000 Hz.) 

incorporated into each sideband channel.
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During the field tests the two sideband signals obtained 

from the I.S.B. demodulator were recorded on the direct 

recording channels of a Racal Store 4 instrumentation 

recorder. In this way signal processing equipment, modems and 

data analysing equipment could be located in the laboratory.

One of the two remaining F.M. channels was used to record 

a frequency reference signal which controlled the tape speed 

in the replay mode, the other channel was used for voice 

commentary during the test. The Racal machine operating 

at l| i.p.s. proved entirely satisfactory for early F.S.K. 

data tests, but flutter at this speed occasionally caused 

problems with D.P.S.K. data. The recording speed was according

ly increased to 3n i.p.s. for all subsequent data recordings.

The static data performance of the complete system was 

measured by operating the Bath transmitter and mobile re

ceiver "back to back", 'vrith the receiver situated in a screened 

room, as illustrated in Figure 6.I8. The results thus ob

tained are shown in Figure 6.19 for data only transmitted and 

in Figures 6.20 and 6.21 for simultaneous speech and data.

The F.S.K. data rate was 1200 baud. For the data only case 

the variation of error rate VTith signal level follows the 

pattern that would be expected in a white noise environment.

The F.S.K. curves obtained from the two sideband signals are 

closely similar (approx. § dB difference) as are the D.P.S.K. 

curves (approx. IdB difference), although the lower sideband 

gave the best performance with F.S.K. and the woïst with
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D.P.S.K. The theoretical advantage of the F.S.K. system 

is 2dB for ideal systems (4). The effect of introducing 

simultaneous speech transmissions is to limit the error 

probability at high signal to noise ratios and is dependant 

upon the level of spurious radiation from the S.S.B. transmitter 

and upon the relative transmitter powers. With the spectrum 

configuration illustrated in Figure 6.6 the upper sideband 

data signal will be most effected. It can be seen from 

Figure 6.20 that the degradation of error performance is 

small over the range of error probabilities of interest 

(P^> 10 for transmit powers of 20 Watts peak envelope power 

(S.S.B. speech) and nominally 5 Watts mean power (D.S.B. 

data). The effect of decreasing the data transmitter power 

by 5.6 dB is shown in Figure 6.21.

6.4. Laboratory Equipment

The selection of the best sideband signal was carried 

out in the laboratory during replay of the sideband recordings 

made during the field tests. At the moment when the two 

sidebands are of equal amplitude but fading in opposite sense, 

switching between the sidebands should occur, but at this 

time the two signals do not necessarily have the same phase.

A phase discontinuity can therefore occur which, could cause 

errors in the data demodulation circuit. These switching 

transients can be avoided by demodulating the sideband data
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signala independently and then selecting the data stream 

originating from the modem with the largest input. This 

procedure was adopted for the field test recordings and the 

equipment set up is illustrated in Figure 6.22. The resulting 

signal is fed to data analysing equipment (Plessey D.T.S.A. 10) 

which compares the data with a locally generated 511 hit 

pseudo random data sequence to produce error information 

and telegraph distortion. Using this system the recordings 

can be re-run with the selection circuit locked to one 

sideband signal so that the error performance of single 

sideband and sideband selection can be compared.

A data interface unit was also available, originally 

designed for mobile use, which converted the information 

from the test set into a form suitable for recording onto 

a digital cartridge recorder. Recordings made in this way 

could be analysed using a P.D.P.8 computer to study the 

distribution of errors. Error spacing histograms produced 

in this way indicate the degree of bunching of errors and also 

any time periodicity of error occurrence.

The circuit diagram of the sideband envelope detector 

and comparator is shovm in Figure 6.23. The two sideband 

signals are rectified and low pass filtered (f^ = 115 Hz) 

to obtain the envelopes and the resulting signals passed to 

a comparator circuit which, is followed by a S.R. bistable.

If one envelope exceeds the other by a predetermined amount
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(2.2 dB) then the modem output associated with that envelope 

is selected. If the two envelopes have similar magnitudes 

however, then the output remains as th.e output of the modem 

which had the largest envelope at its input. This prevents 

continual switching when the sideband signals are of equal 

magnitude.

6.5. Short Baseline System

The majority of the field tests of sideband diversity 

were carried out using the long baseline Q.S. scheme already 

described. However, a limited number of short baseline tests 

were carried out to check the theoretical improvement obtained 

in Chapter 4.

The aerial spacing required to ensure de-correlation of 

the fading signals received at the mobile from the two trans

mitters depends upon the relative distance from the trans

mitter site and the local scatterers causing the fading, 

together with the bearing of the mobile w.r.t. the axis 

joining the two aerials. This situation is illustrated in 

Figure 6.24.

The relationship between the distance dependence of 

correlation at the base station to that at the mobile has 

been derived by Cans (3 ) who gives, for the situation illust
rated in Figure 6.24, to a first approximation
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G - a sin e ^ ............

where

ç = separation of base station aerials

to achieve the same de-correlation 

as aerials separated at the mobile 

by distance v.

d = distance from base to mobile

a = radius of the ring of scatterers

surrounding the vehicle.

e = bearing w.r.t. axis of the aerials.

Satisfactory diversity operation with Rayleigh fading 

signals is achieved with a cross correlation that does not

exceed 0.7 and this is achieved with an aerial spacing on

the vehicle of 0.2A(Fig. 2.7 }. The aerial spacing required 

at the base station, Ç, m t h  the mobile 2 miles from the 

base and a ring of scatterers of radius 100 ft. is given by 

equation 6.6 as:-

Ç = 20A Cp = 0.7) .................(6.7)

The radius of the ring of scatterers will vary with the 

type of environment, being generally greater in Urban environments
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than suburban or rural areas (6.7 ). Measurements by Lee(8) 

of the base station aerial separation required to achieve 

a correlation of 0.7 show that a spacing of 70 - 80 wave

lengths is required when the vehicle is in line with the 

aerials and 15X - 25X when perpendicular to the aerial axis. 

These measurements were made with a base station located at 

a hilltop site in a rural area and established an upper 

bound on aerial spacing.

More recent measurements (9 ) with a base station located

in a suburban area and aerial heights of 100 ft. or less 

indicate that aerial spacings of less than 10A can often be 

utilised. A spacing of lOA with an aerial height of 100 ft. 

gave an average correlation coefficient of 0.4-3 for ranges up 

to 5 miles. With the aerial height reduced to 50 ft. the 

correlation coefficient was found to be generally lower, as 

was the mean signal level. Much higher correlations (-0.8) 

were recorded when there was an unobstructed line of sight 

path to the immediate vicinity of the vehicle, corresponding 

to a small radius of the ring of scatterers.

Two D.S.B.S.C. transmitters, operating at 99.59 MHz, were 

used for the short baseline test of sideband diversity with 

an aerial spacing of 10 wavelengths. A block diagram of the 

system is shown if Figure 6.25. These transmitters could 

be operated either synchronously, with a common master frequency 

standard, or quasi-synchronously with the frequency difference
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set to 2Hz. One of the transmitters (T^) was the Bath 

transmitter used in the long baseline scheme, which delivered, 

after the hybrid, 2.4 Watts to a two element aerial. The second 

transmitter (T^) delivered 4 Watts to a folded dipole (Figure 

6.26). The modulation applied to the two transmitters had 

a relative phase shift of 90°.
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Figure 6.2 Bath Control Site Aerial Array
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Figure 6.5 Radiated Spectrum FSK Data Only. Transmitter in the 
Ali mode. Input attenuation 80dB. Ref. Level -UdB. 
Horizontal Scale 2KHz/div. B.W. O.lKHz. Scan time 
Isec/div. Vertical Scale lOdB/div.

Figure 6.6 Radiated Spectrum DFSK and 2 ToneSSB (iKKz and 1.6KHz ) 
Data Transmitter in the diminished carrier mode. 
Analyser settings as above.
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Figure 6.13 The Test Vehicle
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Figure 6.19 Independent Sideband Receiver Bench Test Results 
Data only.
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Figure 6.20 Upper Sideband Error Performance with Simultaneous 
Speech and Data. SS3 Tx Power 2 0 W p.e.p., D3BSC 
Data Tx Power 5.8U FSK, %.8W DPSK.
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Figure 6.21 Simultaneous Speech and Data Errer Performance.
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1.3V/ DPSK.
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Figure 6.22 Laboratory Equipment

- 173 -



I o  o

c\j
00

00 00
o ocoo

Cvj
E
•§ o

Eo 
u:
-w:3

3CL
:oo

Dco
T30>
Cj(0§

Figure 6.23 Envelope Compardtor and Data Selection Circuit

- 17  ̂-



MOBILE
H a  K

Ring Of Scaiterors

BASE

Figiare 6 . 2 k Base Diversity Model

\1/
10 \

Modulation 
(F.S.K. Data)

/ V
99-55MHZ.

5MHz. 5MHz.

90O.S.B.
Tx.1

Réf.
Ose.

as. B. 
Tx.2

Réf.
Ose.

Synth - 
esiser

Figure 6.25 Short Baseline SBD System

- 175 -



Figure 6.26 Additional Aerial used for Short Baseline working
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T. FIELD THIAL RESULTS

7.1 Test Locations

A number of trials locations were used in the Bath - Bristol - 

Radstock area in order to investigate the data performance of 

sideband diversity under a variety of environmental conditions.

The majority of the tests were carried out over three main routes 

whose locations are shown on the map in Figure 6.1.

The High Littleton test route (map. Figure 7.1), in the centre 

of the coverage area, is predominantly rural, but passes 

through the villages of Farmborough (Markers 7-11), Timsbury 

(Markers 17-20) and High Littleton (Markers 25-30). Line of sight 

propagation from one, or more, of the transmitters occurs over some 

sections of the route and multipath propagation is experienced in 

the villages. The route combines both main (A39) and minor road 

sections, and traffic conditions were generally such that a vehicle 

speed of 30mph could be maintained throughout most of the tests.

An indication of the signal level received from each transmitter 

is given in Figure 7.2 which shows the average signal strength at 

each marker for a radiated carrier power of 5 Watts.'. The transmission 

from Bath is generally predominant over the first part of the route 

(tlarkers 1-12) and that from Cranmore over the latter part (Markers 

18-32); approximately equal signals are received from all three 

transmitters over the section of route identified by markers 13-16. 

Typical conditions on this route are shown in the photographs of 

Figure 7.3 (Marker 1, looking towards Bath), Figure 7.^ (Marker 9),
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Figure 7*5 (Between Markers iH and 15), Figure 7*6 (Marker l8),
Figure 7.7 (î-'Iarker 20, looking towards 21), Figure 7 .8 (between 
Markers 26 and 27) and Figure 7.9 (Marker 29).

In order to carry out tests in a more urban environment with 

low mean signal levels a much shorter test route was established 

over Paulton High Street (map, figure 7.10), which usually carried 

a lot of traffic causing frequent delays. No line of sight path 

existed to any of the transmitters, as indicated by the terrain 

cross sections of Figure 7.11, and multipath fading was experienced 

for the three individual transmissions over most of the route.

The mean signal levels experienced between adjacent markers are shown 

in Table 7.1. These values were obtained from signal strength 

recordings made with 2. h Watts of carrier power radiated by each 

transmitter and the reference level is 1 Volt p.d.

Table 7.1 Mean Signal Levels - Paulton High Street

Bath Tx Dundry Tx Cranmore Tx

Markers 1-2 -113.583 -107.3dB -109.2dB
2-3 -112.9 -104.4 -113.1
3-4 -113.4 -113.5 -111.2
4-5 -106.7 -111.2 -109.9
5-6 -109.8 -107.0 -107.9
6-7 -113.4 -103.1 -106.0

Typical situations on this route are shown in the photographs 

of Figure 7.12 (Marker 2), Figure 7.13 (between Markers 3 and 4), 

Figure 7.l4 (between Markers h and 5) and Figure 7.15 (between 

Markers 5 and 6).
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Tlie third test route, located in the city of Bath (map,

Figure T-l6) was chosen to investigate the improvement in error 

performance when one transmitter is dominant. Conditions are 

suburban at the start of the route on the outskirts of the city 

(Figure 7.17, Marker l), with occasional line of sight propaga

tion from the Bath transmitter and some fading sections. Approaching 

the city centre conditions become more urban as illustrated in 

Figure 7.18 (Markers l4-l6), where the signal exhibits deep 

multipath fading. Traffic congestion in the centre of the city 

(Figure 7.19, Marker 19) usually made progress slow and erratic.

The final part of the route included Pulteney Street (Figure 7.20), 

where the multipath fading has a Rayleigh cumulative distribution. 

Signal strength is dominated by the Bath transmission, the mean 

signal level varying in the range -80dBv to -90dBv over most of the 

route but falling to between -90dBv and -IGOdBv towards the end.

A signal level recording for the test route, obtained with a radiated 

carrier power of 5 Watts, is shown in Figure 7.21. The mean signal 

level from Dundry varies in the range -lOOdB to -112dB over most of 

the route, that from Cranmore is usually lower than this.

7.2 Short Baseline Trials

A limited number of short baseline tests were carried out with 

aerials spaced approximately 10 wavelengths apart and mounted on the 

roof of the School of Electrical Engineering, Bath University. The 

equipment used is described in Chapter 6. All these tests were 

carried out using FSK at a data rate of 1200 baud.
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Trials were first conducted in Pulteney Street, Bath 

(Figure J.20) which is 2km from the base station and almost broadside 

to the axis of the aerials. The multipath fading, normalised to the 

short term mean value obtained by averaging over 9 wavelengths, is 

Rayleigh distributed, with the short term mean varying in the range 

-958BV to -lOOdBv (2.4 Watts radiated). This relatively low mean 

value occurs because Pulteney Street is in the 'shadow' of the hill on 

which the transmitters are located.

Initially data was taken from the lower sideband only of the 

received signal (ie with sideband diversity locked out) and in
_3 -3successive trials error rates of 1.94 x 10 and 3.3 x 10 were 

recorded for Tl, 2.85 x 10 and 4.6 x 10 ^ for T2, and 2.4 x 10 ^
— 3and 2.59 X 10 for the two transmitters operating synchronously.

Taking the mean of all 6 measurements gives an error probability of 
-32.95 X 10 . The predicted error probability for sideband diversity

with the two transmissions fading independently in a white noise 

environment is obtained from Figure 5.6 as 3.48 x 10 ^.

With the transmitters operating quasi-synchronously error rates
~5 “5of 2.45 X 10 and 6.12 x 10 were measured on successive runs for

the sideband diversity case, giving a mean error rate of 4.28 x 10 ^.

The reasonably close agreement between this figure and the predicted

value of 3.48 x 10  ̂ indicates that an aerial spacing of 10 wavelengths

is sufficient to de-correlate the two fading signals at this range

and demonstrates the effectiveness of sideband diversity in reducing

the bit error rate. The improvement in error rate when the

transmitters were operated synchronously was reduced to approximately

- 180 -



-hone order of magnitude, the mean error rate being 3.73 x 10 

in this case. The difference in performance of synchronous and 

quasi-synchronous operation may be due to the stationary nature of 

the interference pattern, but further investigation was precluded 

by lack of available time.

Over the whole of the Bath test route, which is 5.25km from 

the base station at the furthest distance, the short baseline system 

gave an error rate of 2.3 x 10 ^. This value is lower than that 

obtained over the same route using the long baseline system, as will 

be explained subsequently.

The correlation of the fading signals would be expected to rise 

with increasing range and this was confirmed by tests carried out at 

Keynsham which is 11.5km from the base station and perpendicular 

to the axis of the aerials. A marginal improvement in error rate was 

achieved at this range, from 3.06 x 10  ̂to 1.46 x 10 ^ (mean of 

3 test., runs) with an aerial spacing of 10 wavelengths. Further tests 

at Norton St Philip, 8.5km from the Bath transmitters and in 

line with the axis joining the aerials, gave no detectable reduction 

in error rate.

These results from the limited number of tests carried out using 

a short baseline scheme show that sideband diversity will give an 

improvement in error rate of the expected order with independently 

fading transmissions. This can be achieved with an aerial spacing of 

ten wavelengths for areas near to the transmitters, but the spacing 

would be inadequate if the advantage was to be realised 

omni-directionally. Because the correlation between the fading signals
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increases with range the base station needs to be located at the 

centre of, or close to, the area where maximum reliability is 

required.

7.3 Early Long Baseline Trials

Although a limited number of tests were carried out with the 

short baseline system the majority of data trials were carried out 

using the long baseline QS scheme described in Chapter 6.1. As in 

the short baseline case, the trials compared the sideband diversity 

results with those obtained by locking the selection circuit to one 

sideband only, usually the lower. Tlie error performance of the 

individual sidebands was closely similar, once the system had been 

correctly set up. The equipment used for the early trials was as 

described in Chapter 6, apart from the receiver, which at this stage 

was fitted with a 25kHz channel spacing filter and had the original 

first local oscillator modified so that the frequency could be adjusted 

at the start of each test. These early tests were all carried out 

with the transmitters modulated with FSK data and operating in the 

conventional AM mode (5 Watts of carrier power, 100# modulation).*

Initial results were obtained on the High Littleton test route 

where, because of the rural nature of the area, the performance of the 

system could be established without undue influence by other vehicles.

A vehicle speed of 30mph was maintained whenever possible. The bit 

error rates obtained for the whole of the test route with FSK signals

* The hybrid combiners were not fitted at this stage.
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from the Bath and Dundry transmitters (modulation phased 90 ) were
— 3 —13.02 X 10 for the lower sideband signal and T.o x 10 for sideband

diversity. However, these figures do not give a good indication of 

the performance of the system because of the varying conditions and 

length of the test route. The overall error performance is dominated 

by one small section of the route, Timsbury Vale (Markers 20-23), 

where low signal levels from both Bath and Dundry, due to terrain 

configuration, produce a high error rate. A more meaningful indication 

of the performance of the system can be obtained by dividing the route 

into sections over which conditions are reasonably constant. This 

is done in Table T.2 and an indication of conditions for each section 

can be obtained from the map of Figure T.l and signal levels of 

Figure 7.2.

Table 7.2 Two transmitter, long baseline results: High Littleton 

Binary FSK data at 1200 baud. Bath and Dundry transmitters, modulation 

phased 90°.

Markers

LSB

1 - 7

Error Rate 

Sideband Diversity 

0

Comments

Mainly rural. Bath Tx 
dominant.

7 - 11 1.8 X 10-' 2.9 X 10-5 Farmborough Village.

11 - 17 8.8 X 10-' 5.3 X 10-G Mainly rural. Approx 
equal mean signals.

17 - 20 9.9 X 10-' 2.5 X 10-' Timsbury Village.

20 - 23 1.8 X i o “ ^ 5.5 X 10-3 Timsbury Vale.

23 - 25 4 X 10-4 3.8 X 10-5 Mainly rural.

25 - 30 2.8 X 10-3 6.1 X 10-5 High Littleton Village

30 - 32 5.3 X 10-4 3.2 X 10-' Mainly rural. A39.

1 - 32 3.02 X 10-3 7.6 X 10-' Complete route.
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From these results it can he seen that sideband diversity gives 

an improvement in each case, the maximum improvement occurring over 

the rural section of route between Markers 11 and IT. Here the two 

signals are comparable and with non-fading signals errors are induced 

in the lower sideband signal by interactions between the transmissions; 

sideband diversity removes such errors. Results are poor between 

Markers 20 and 23 where neither Bath nor, particularly, Dundry give, a 

useful signal level. Between Markers 30 and 32 a burst of errors 

caused by ignition interference from a particularly noisy vehicle 

is responsible for the similarity of the two results.

Introducing the third transmitter at Cranmore, with conditions 

identical with those for the two station test above, gave the results 

shown in Table 7.3. These results are the mean of 2 runs, the 

performance on both runs being very similar.

Table 7.3 Three transmitter. Long baseline results: High Littleton 

Binary FSK data at 1200 baud. Modulation phased ±120°.

Markers

1 - 7
LSB 

7.4 X  10-4

7 - 11 4.5 X 10-'

11 - 17 4.5 X 10-3

17 - 20 1.6 X 10-3

20 - 23 4 X IQ-3

23 - 25 2.1 X 10-'

25 - 30 1 . 8 X 10-3

30 - 32 5 X 10-5

1 - 32 2 X 10-3

Error Rate
Sideband Diversity 

0
1.7 X 10"5

5.8 X 10"5 

-6
-4

4.8 X 10
7.1 X 10 

0
4.1 X 10'5

0
1.2 X  10-4

Comments

Mainly rural.

Farmborough Village.

Mainly rural - approx 
equal, mean signals.
Timsbury Village.

Timsbury vale. Low 
mean signals.

Rural

High Littleton 

Rural. A39•

Complete circuit.
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Again, the improvement from sideband diversity is evident and 

is generally greater than for the two transmitter case. By comparing 

the lower sideband performance of the 2 and 3 transmitter tests it 

can be seen that the introduction of Cranmore increases the error rate 

experienced over the first part of the test route (Markers 1 - 20), 

but SBD removes the additional errors (and more) caused by transmitter 

interactions. The signal level in the Timsbury Vale (Markers 20-23) 

is still low, although the additional signal from Cranmore has 

substantially reduced the error rate for this section of the route.

The effectiveness of sideband diversity in reducing errors caused by 

multipath fading is demonstrated by the error rates achieved in the 

villages of Farmborough (l.T x 10 ^), Timsbury (4.8 x 10 ^) and High 

Littleton (4.1 x 10 ^).

A further series of tests was carried out over the Bath route 

to study the improvement, if any, achieved by sideband diversity when 

operating close to one transmitter. At this time the Cranmore equipment 

was not fully commissioned and the trials were carried out using the 

Bath and Dundry transmitters only (modulation phased 90°). Test 

runs, at 30mph, were carried out at night between 0200 and 0400 hours, 

when no other traffic was present, for various degrees of attenuation 

of the Bath transmission, and during the daytime when parts of the 

route were heavily congested and hold-ups were frequent (a vehicle 

speed of 30mph was maintained whenever possible). The object of 

the night and day trials was to gain some understanding of how 

ignition interference from other vehicles affected the error performance,

To analyse the results the test route was di\'lded into three
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parts: Markers 1-lT corresponds to the section of the route from

the outskirts of the city to the city centre; Markers 17-28, the 

city centre; Markers 28-35, where the signal level is lower and 

includes Pulteney Street where the fading is known to be Rayleigh 

distributed. The results are presented in graphical form in 

Figures 7.22, 7.23 and 7.24. In each case the results obtained from 

the lower sideband signal with the Bath transmitter only operating 

are shown by the dashed curves.

From these results it can be seen that sideband diversity is 

still effective in reducing the error rate even when one transmitter 

is dominant, and that the greatest improvement over single station 

lower sideband performance is achieved during the daytime. This is 

because the susceptibility to ignition interference during fades is 

reduced. Figures 7.22 and 7.23 show how 'other vehicle' ignition 

interference is more noticeable at low error rates for both the 

single transmitter case and sideband diversity. It can also be seen 

that at night the single sideband error rate for two station operation 

is higher than that for the single station case. With dual 

transmitter operation the additonal errors caused by interaction 

between the transmissions, occurring with non-Rayleigh fading signals, 

are masked by the high level of ignition interference encountered 

during the day tests.

The introduction of the Cranmore transmitter should reduce the 

error rate for sideband diversity even though the signal from Cranmore 

is small compared with that from Bath. Additional 2 and 3 transmitter
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tests carried out without attenuation of the Bath transmission gave 

the results shown in Table 7.4.

Table 7.4 2 and 3 Transmitter. Long baseline results: Bath.

Binary FSK data at 1200 baud. Three transmitter tests - modulation 

phased +120°. Two transmitter tests (Bath and Dundry) - modulation 

phased 90°.

Markers Error Rates

Bath only LSB 2 station SBD 3 station SBD
(mean of 3 runs) (mean of 5 runs)

1  - 17 8.3 X 10-4 1 X 10-' T.4 X 10 ^

17 - 28 1.35 X 10-3 4.4 X 10-' 2.4 X 10-'

2 8  - 35 2.1 X 10-3 8.7 X 10-' 4.5 X 10-'

1 - 35 1.2 X 10-3 3.4 X 10-' 2.1 X 10-'

From these results it can be seen that the introduction of the
-4third transmitter reduces the SBD error rate to 2.1 x 10 for the 

whole of the route. This is higher than that realised with the short 

baseline system which gave an error rate of 2.3 x 10 for the Bath 

test route.

A calculation of the theoretical error rate for the long baseline 

system is only possible for sections of the route where the mean levels 

of all three transmissions are constant and the fading is Rayleigh 

distributed. This hardly ever occurs for a section of the route of 

any significant length, Pulteney Street being the nearest to this ideal 

Of the five 3 station tests, four gave very similar results for 

Pulteney Street (Markers 31-33) with a mean error rate of 4.6 x 10
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-k .for the lower sideband and x 10 for sideband diversity. On the

fifth run, ignition interference from an extremely noisy vehicle
-3 _3increased the corresponding error rates to 9-7 x 10 and 2.2 x 10

Ignoring the results of this test, and assuming that the signals from

both Dundry and Cranmore are constant at 20dB below the Bath signal,

which gives a sideband correlation of 0.94, the theoretical error
-4rate for sideband diversity is obtained from Figure 5*7 as 3.6 x 10

-4The error rate realised, 4 x 10 , is in good agreement with the

predicted value.

7.4 Long baseline trials - FSK data

The remainder of the trials programme was carried out with the 

receiver as described in Chapter 6, ie the first local oscillator 
replaced by a Pye HS400 and a 12.5KHz channel spacing filter fitted.

Most of these later trials were carried out with the transmitters 

operating in the suppressed carrier mode, but some tests were carried 

out with them operating as conventional AM transmitters (5 Watts of 

carrier power radiated - ICO# modulation).

In the previous results sideband diversity has been compared with 

the performance of one sideband signal. A more normal standard of 

comparison would be with conventional AT! quasi-synchronous transmission 

(0° modulation phasing) of uhe same data and standard envelope detection. 
Tests were carried out on the High Littleton test route with the 

Bath and Cranmore transmitters with a modulation phase angle of 120° 

for sideband diversity and 0° for the AM test. The results are shown 

in Table 7.5.
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Table 7.5 Comparison of Sideband Diversity and AM: High
Littleton

Binary FSK data at 1200 baud. Bath and Cranmore transmitters 

■with modulation phasing of 120°(SBD) and 0°(AM).

Error rates 

120° phasing 0° phasing
Markers LSB SBD AM

1 - 20 1.25 X  10“3 8.1 X  10“^ 4.1 X  10"4

-  23 _ _ _

(Timsbury- 5.1 x 10 ° 1.1 x 10  ̂ 2.4 x 10 °
Yale)

2 3 - 3 2  1 X  10"3 4.8 X  10“^ 6.8 x 10“^

The improvement in error performance by sideband diversity 

over AM can be seen from these results. AM performs slightly 

better than the lower sideband signal because the envelope 

derived AGO compensates for some of the slower fades introduced 

by QS operation. This does not occur with the modulation to the 

transmitters phase shifted since, in this case, the signal compon

ents null at different times. However, the difference between AM 

and single sideband performance is small compared with the 

improvement that is achieved by the sideband diversity system.

The effect on bit error rate of different mean signal levels 

was obtained by changing the output power of the three transmitters 

In this way the relative mean signal levels of the three 

transmissions over any section of the test route remained the 

same, thus maintaining the same correlation between the sideband 

signals. Comparison of the error performance at the different
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power levels then gives the effect of mean received signal 

strength on hit error rate for identical propagation conditions. 

These tests were all carried out with the three transmitters 

operating in the suppressed carrier mode and radiating equal 

mean powers of 0.6 Watts (-6dB), 2.4 Watts (OdB) and 5-3 Watts 
(+3.4dB).

The results for 3 test runs at each power level for the 

High Littleton test route are given in Figure 7*25 (Markers 1-20), 

Figure 7.26 (Markers 20-23) and Figure 7.27 (Markers 23-32). In 
these, and later plots, when no errors were experienced in a 

particular test run the error rate has been calculated as for one 

error. At the +3.4dB level the vast majority of the errors 

experienced with the sideband diversity system occurred between 

Markers 20-23, the Timsbury Vale. The remainder of the route 

produced a total of only 5 errors for the three test runs.

Between Markers 1-20 (Figure 7.25) the bit error rate for the

lower sideband signal decreases only marginally (from 1.2 x 10 ^
at -6dB to 6.2 X 10 4 at 3.4dB) with increasing signal strength,
because of the errors induced by QS operation. The effectiveness

of sideband diversity in reducing the errors under these conditions
-4can clearly be seen, with a bit error rate of less than 10

even at the -6dB level. A smaller diversity improvement is

evident between Markers 20-23 (Figure 7.26) where the signals from

all three transmitters are low. Even so, the mean error rate for

the lower sideband signal at the +3.4dB level is 3.1 x 10 whilst
-4that for sideband diversity is 6.5 x 10
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The mean error rate for the lower sideband signal over the

section of the route which includes High Littleton, Markers

23-32 (Figure 7.27), falls from 1.3 x lO"^ at the -6dB level 
~k ,to 3 X 10 at +3.4dB. The corresponding figures for the

sideband diversity system are 1.2 x 10  ̂and 4.5 x 10 At the

higher power levels, in the SBD case, only one or zero errors

were suffered between 23-32 for the majority of the tests, but

a burst of 24 errors caused by ignition interference from a

'noisy' vehicle encountered in High Littleton increased the error

rate to 8.7 x 10  ̂on one run at the OdB level. This error burst
%

accounted for all the errors experienced over this section of 

route on this occasion.

The effect of ignition interference from other vehicles was 

also noticed at the higher power levels for tests carried out 

over the Bath route. The results of three test runs at each power 

level are given in Figure 7.28 (Markers 1-17), Figure 7.29 (Markers 

17-28) and Figure 7.30 (Markers 28-35), and are summarised in 
Table 7.6.

Table 7.6 3 Transmitter long baseline results: Bath

Binary FSK data at 1200 baud. Modulation phased +120°.

Tx Powers SBD Error Rate

-6dB 1.2 X 10 3 (Average of 2 runs)

OdB (2.4 Watts) 2.1 x 10  ̂ (Average of 3 runs)

+3.4dB 2.2 X 10 4 (Average of 3 runs)

At the highest power level no errors at all are suffered

over most of the route. Of the 99 errors experienced in the third
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run at a transmitted power of 5-25 Watts (+3.^dB), 8U occurred 
tetveen Markers 20 and 21; on the previous two runs 1 and 0 errors 

occurred between these two markers. Similarly on the first run 

at this power level the error rate between Markers 28 and 34 was 

2.2 X 10  ̂compared with 1."̂ x 10  ̂and 9»5 x 10  ̂ achieved on 

the subsequent runs. In fact the error rate depends critically 

on encounters with rogue 'noisy' vehicles which are of small but 

not negligible frequency.

On the Bath test route the sideband diversity effect is 

limited because of the disparity between the levels of the signals 

from the various transmitters: for example Dundry is from lOdB

to 20dB below Bath and Oranno re usually more than 20dB down. At 

the +3.4dB level these signals are generally sufficient to 

maintain the signal above the 'own vehicle' ignition noise level 

during fades, but insufficient to give much protection against 

ignition interference from noisy vehicles. The short baseline 

system was more successful in this respect because in that case the 

two transmissions were of a comparable level. However, the above 

results and those given in Table 7.4 (AM operation) demonstrate 

that long baseline SBD is effective in reducing the errors caused 

by multipath fading even when only one significant signal is 

received. The susceptibility to ignition interference is dependent 

upon the absolute levels of the signals and if the two smaller ' 

signals are comparable with the 'own vehicle' ignition noise level 

then little or no benefit could be realised by the SBD system.

The performance of the system under conditions where all 

three signals are at a low level but of approximately the same
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magnitude can be assessed from the results obtained at Paulton 

High Street, which frequently suffered from heavy traffic during 

the tests. The results of seven runs at each power level (6 

runs at OdB) are given in Figure 7.31, and the mean error rate 

is listed in Table 7.7.

Table 7.7 3 Transmitter Long Baseline Results: Paulton High St

Binary FSK data at 1200 baud. Modulation phased +120°.

Power Level Mean Error Rate

LSB SBD

-6dB 1.2 X 10“^ 4.65 X 10“^
OdB(2.4 Watts) 4.2 x 10“^ 4.78 x 10~^

+3.4dB 2.4 X 10"3 1.6 X 10~^

Here again the results were very dependent upon the vehicles 

encountered, particularly at the lower bit error rates achieved 

by the SBD system, as can be seen from Figure 7.31. Even so, 

because the mean levels of the three transmissions are less unequal 

than in the Bath case, the diversity system is more effective.

The mean error rate curve for the LSB signal only has a slope of 

1 decade/13.4dB which compares reasonably well with the measure
ment made by French (l) of 1 decade/12dB for 1 .2kbits/sec direct 

FM modulation. The curve for SBD has a steeper slope of 1 decade/ 

6.5dB; this is as would be expected for a diversity system which 

gives a greater improvement at higher signal to noise ratios.

The mean levels of the three transmissions are by no means 

constant over the route, which has a total length of 0.7 miles.
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as can be seen in Table 7.1. The section of the route over which 

the three transmissions are closely similar is between Markers 3 

and 4, where all three received signals are only slightly greater 

than lyV at the -6dB level. The bit error rate for this section 

of the route, obtained by S'jmming the errors from all the test 

runs at a particular power level, is shown in Figure 7.32. The 

improvement in error rate of two orders of magnitude for a 9dB 

increase in signal level clearly demonstrates the effectiveness of 

the diversity system when the sideband correlation approaches 

zero.

The asynchronous FSK modems could be operated at up to l800 

baud, although some degradation of the noise performance was 

evident at this rate. Tests at different data rates, carried out 

over the Paulton test route, the results of which are given in 

Figure 7.33, showed an increase in error rate at l800 baud which 

is almost completely accounted for by the poorer modem performance 

at this data rate.

Finally, it is of interest to consider the second order 

statistical characteristics of the error distributions. By plotting 

the incidence of error occurrence against the interval between 

errors a measure of the bunching of errors may be obtained. Data 

analysis software developed for the Home Office project make it 

possible for this to be done automatically. Using Bath and Dundry 

transmitters only, such a plot for Markers 26-30 of the High 

Littleton test route, receiving LSB only, is shown in Figure 7.34*.

* The high initial peak indicates acute bunching of errors.
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When sideband diversity is introduced the number of errors falls 

to 3 only, so no meaningful plot is possible.

Between Markers 19-26 (which includes the Timsbury Vale low 

signal strength area) the error rate is high and the error spacing 

histogram is shown in Figure 7.35, for the LSB signal. Again 

there is a large initial peak (>400), but also subsidiary peaks, 

of 70 at about 17 bits spacing and 30 at 34 bits spacing, caused 
by ignition interference from the engine of the test vehicle.

They occur at intervals of l4.2 milliseconds, corresponding to an 

engine speed of just over 2100 rpm, which is approximately cbrrect 
for the test speed of 30mph. When sideband diversity is applied. 

Figure 7.36, the number of consecutive errors is reduced by a 

factor of six and other closely spaced errors by more than this. 

However, 'own noise' errors now represent a more significant 

fraction of the total errors experienced. Further suppression of 

the vehicle to reduce the ignition interference would therefore 

improve the error performance under weak signal conditions.

7.5 Long baseline trials - DPSK data

Laboratory tests of the binary FSK and quarternary DPSK 

modems showed that the white noise performance of the two systems 

were similar (Figure 6.19), but co-channel interference tests (2)

indicated that DPSK is more susceptible to corruption than binary 

FSK. Field trials using 4 level DPSK at 2400 baud, were carried
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out over the various test routes with three station Q3 operation 

and the transmitters in the suppressed carrier mode.

On the High Littleton test route, with the three transmitters

radiating 2.4 Watts (OdB), ohe error rate for the SBD system on
, -1+ -4two consecutive runs was 4 x 10 and 5*2 x 10 for the complete

circuit. The error rate for the LSB signal on the same tests

was 4.2 X 10 on both occasions. The mean error rates experienced

over different sections of uhe route are given in Table 7-8.

Table 7.8 3 Transmitter Long Baseline Results: High Littleton

4 Level DPSK data at 2400 baud. Modulation phased +120°.

P^ 2.4 Watts (OdB).

Mean Error Rate

Markers LSB SBD
1 - 2 0  3.6 X 10"3 2.3 X 10“^

2 0 - 2 3  1 X 10"2 2.25 X lo"^

23 - 32 2.6 X 10“  ̂ 7.3 x 10“^

Complete circuit 4.2 x 10  ̂ 4.6 x 10 ^

A comparison of these results with those obtained for FSK 

illustrated in Figure 7.25, 7.26 and 7.27 show that between 

Markers 1-20, where the majority of fading is caused by QS 

operation, DPSK performance is much worse than that of FSK even 

when the power level for FSK is reduced by 6dB. Between Markers 

20-23, the low signal section of the route, the performance of the 

two methods of modulation is more equal with DPSK approximately 

3dB worse than FSK. On the final section of the circuit. Markers 

23-32, the DPSK error rate is similar to that of FSK operating at
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the -6dB level.

It would thus appear that although the noise performance 

of the two systems are similar, DPSK is more susceptible to fading 

caused either by multipath propagation or Q3 operation. It was 

shown in Chapter 5 that DPSK has a higher irreducible error rate, 

caused by random frequency modulation, than FSK and that k level 

DPSK would be even more sensitive to this cause of errors.

Sideband diversity is still effective in reducing the error rate, 

the smallest improvement occurring, as for FSK, over the low 

signal section of the route.

Results from tests carried out over the Bath route also 

showed DPSK to be inferior to FSK. Here the mean error rate, for 

three station QS operation with the transmitters operating at the 

OdB level, over the complete route with FSK was 2.1 x 10 ^ (SBD) 

and 1.2 X 10  ̂ (LSB). Under similar conditions DPSK gave a mean 

error rate of 8.2 x 10 ^ (SBD) and 2.1 x 10 ^(LSB).

A more extensive trials programme for DPSK was carried out over 

the Paulton test route, where a number of runs were carried out at 

different transmitter power levels. These levels were the same as 

those used for FSK operation so that a comparison of the two data 

modulation methods could be made. The results of these tests 

are shoim in Figure T.3T and the mean error rate is listed in 

Table 7-9
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Table 7.9 3 Transmitter Lcng Baseline Results : Paulton

h level DPSK data at 2400 baud. Modulation phased +120°.

Power Level Mean Error Rate

LSB SBD

-6dB 1.3 X 10“^ 7.3 X 10"3

OdB (2.4 Watts) 6.8 x lo"^ 1.35 % io"3

+3.4dB 6.2 X 10“  ̂ 7.3 X 10~^

As with FSK the improvement in bit error rate, achieved by the 

diversity system, increases with increasing signal level and the 

effect of other vehicles is more noticeable at the lower error rates

The relative performance of the two data modulation methods 

can be seen from the mean error rate curves of Figure 7.38. At 

low signal levels (-6dB) FSK shows a 4dB advantage over DPSK without 
diversity, but with SBD this is reduced to approximately IdB. 

However, in both the diversity and non-diversity cases, the FSK 

performance improves more rapidly with signal level and at the OdB 

level the FSK diversity system has an advantage of approximately 6dB 
over the DPSK diversity system. For the LSB signal only, both 

modulation methods improve by the same amount between the -6dB and 
OdB levels, but the DPSK bit error rate improves little between the 

0 and +3.4dB power levels.

7.6 Simultaneous Speech and Data

Laboratory tests showed (Figure 6.20) that the effect of 

simultaneous SSB speech transmission on upper sideband data error
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-Ilperformance is small at error probabilities less than 10 
for both DPSK and FSK (speech transmitter delivering 10 Watts 

p.e.p. to the aerial; data 2.4 Watts mean). The data results 

from the field trials carried out with these relative power 

levels were indistinguishable from the results obtained when 

data only was transmitted, when either the USB signal only, or the 

SBD signal, was considered. This is to be expected since with 

steady signals the effect of the speech is only noticeable at low 

error rates. In the field tests single sideband performance was 

never, because of fading, good enough to reach the ’floor' on 

error rates that the speech signals would be expected to produce.

At the low error rates achieved by sideband diversity it is 

difficult to accumulate enou^ errors to give a rigorous basis for 

differentiating between the speech and non-speech cases, particularly 

since at these levels a large proportion of the residual errors are 

caused by ignition interference from other vehicles.
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Figure 7*3 High Littleton Test Route. Marker 1.

Figure 7-^ High Littleton Test Route. Marker 9
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Figure T.5 High Littleton Test Route. Between Markers ik and I5,

Figure 7.6 High Littleton Test Route. Marker 18,
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Figure T.7 High Littleton Test Route. Marker 20-

Figure 7.8 High Littleton Test Route. Between Markers 26 and 27
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Figure T.9 High Littleton Test Route. Marker 29
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Figure 7.12 Paulton High Street. Marker 2.

Figure 7.13 Paulton High Street. Between Markers 3 and k
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Figure J.lh Paulton High Street. Between Markers h and 5
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Figure 7.15 Paulton High Street. Between Markers 5 and 6
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Figure T.IT Bath Test Route. Marker 1.

Figure T.I8 Bath Test Route. Marker 15
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Figure 7.19 Bath Test Route. Marker 19.

Figure 7.20 Bath Test Route. Pulteney Street
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Figure 'J.2h Two Station Error Performance. Bath Test Route
Markers 28-35- 1200 Baud FSK Data.
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Figure T-25 3 Station Error Performance. High Littleton Test
Route. Markers 1-20. 1200 Baud FSK Data.
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Figure 7.26 3 Station Error Performance. High Littleton Test
Route. Markers 20-23. 1200 Baud FSK Data.
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Figure T-27 3 Station Error Performance. High Littleton Test
Route. Markers 23-30. 1200 Baud FSK Data.
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Figure 7.28 3 Station Error Performance. Bath Test Route
Markers 1-17• 1200 Baud FSK Data.
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Figure J.29 3 Station Error Performance. Bath Test Route
Markers 17-28. 1200 Baud FSK Data.
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Figure 7*30 3 Station Errer Perfornance. Bath Test Route,
Markers 28-35. 1200 Baud FSK Data.
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Figure T.31 3 Station Error Performance. Paulton Test Route
(Complete Route). 1200 Baud FSK Data.
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Figure 7.32 3 Station Error Performance. Paulton Test Route
Markers 3-4. 1200 Baud FSK Data.
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Figure 7-33 3 Station Error Performance at varions Data Rates
Paulton Test Route. Pover Level of Transmitters 
5.25W (+ 3.4dB).
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Figure 7*3^ Error Spacing Histogram (FSK) Lover Sideband -
Higb Littleton Test Route Markers 26-30. 2 Station
(Bath and Dundry) Operation.
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Figure 7-35 Error Spacing Histogram (FSK) - Lover Sideband.
High Littleton Test Route. Markers 19-26. Tvo 
Station (Bath and Dundry) Operation.
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Figure 7.36 Error Spacing Histogram (FSK) - Sideband Diversity.
High Littleton Test Route. Markers 19-26. Tvo 
Station (Bath and Dundry) Operation.

- 231 -



-7

X  /..S.ô. 

o S.B.D.
Bit
Error
Rate

6 0
Output Power Of Transmitters (OdB.= 2-4W.)

Figure 7.37 DPSK Error Performance - Paulton Test Route. Three
Station Operation.
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8 . CONCLUSIONS

A new method of reducing the variability of the signal 

received in the land mobile radio environment, by utilising the 

diversity offered by physically spaced, quasi-synchronous transmitters, 

has been described. Signal variability due to both multipath 

propagation and quasi-synchronous operation is reduced and the system 

can operate effectively within a 12.5KHz channel spacing.

A major advantage of sideband diversity is that only one aerial 

is required at the receiver. The mobile equipment is therefore not 

only simpler than that required by receiver diversity, but the system 

can also be used with personal radios.

The correlation between the sideband signals has been sho^m to be

a function of modulation phase angle and the relative mean levels of 
>the individual transmissions. In a Rayleigh fading environment and 

with optimum modulation phasing, the correlation changes from unity 

when only one significant signal is received, to zero with equal mean 

signals. With fading signals that are other than Rayleigh distributed, 

ie some level of specular component present, the correlation will be 

negative for equal mean signals reaching -1 when equal line of sight 

signals are received. The diversity improvement in a long baseline 

scheme will vary over the coverage area, with the smallest diversity 

improvement occurring in the vicinity of the transmitters where the 

signal strength will be high anyway. Sideband diversity can therefore 

be employed to reduce the multipath fading and transmitter interactions 

in existing long baseline quasi-synchronous AM schemes operating at 

/̂HF.
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In the new short baseline transmitter scheme the mean signal 

levels will always be similar and the maximum diversity improvement 

realised as long as the individual transmissions are uncorrelated. 

Field trials of short baseline sideband diversity indicated that 

an aerial spacing of 10 wavelengths can effectively decorrelate the 

transmissions at distances up to 5km from the base station. Such a 

scheme is more attractive at UHF than VHF because of the smaller 

aerial spacing required at the higher frequencies. Also, because of 

propagation limitations, the UHF band is used for local area coverage 

schemes in which short baseline sideband diversity would be most 

effective.

Data communications are much less tolerant of fading signals

than speech and therefore the most important application of sideband

diversity is in reducing bit error rate of data transmitted to

vehicles. Without diversity, errors occur in bursts whose length and

frequency are dependent upon operating frequency and vehicle speed.

Improvements in error rate approaching two orders of magnitude have

been measured for medium speed data in field trials of both short and

long baseline sideband diversity. The experimental short baseline

system achieved a bit error rate of 2.3 x 10 over a test route whose

furthest point was 5km from the base station and which passed through

the city centre of Bath; the corresponding non-diversity error rate

was 1.2 X 10  ̂ (1200 baud FSK operation). Field trials in an urban

environment at the centre of an experimental 3-station long baseline
-Uscheme produced a bit error rate of 1.6 x 10 with mean signals from 

the 3 transmitters of less than lOjjV; the corresponding non-diversity 

error rate was 2.U x 10  ̂ (1200 baud FSK operation). Because of its
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greater tolerance to random III, co-channel interference, delay 

distortion and frequency offset, binary FSK showed a substantial 

improvement over 4-level DPSK during the field trials.

The residual errors (after sideband diversity has been applied) 

are heavily dependent upon ignition interference. In low signal 

areas "own vehicle" noise contributes a large proportion cf the 

residual errors and in other areas "rogue" noisj vehicles produce 

bursts of errors with long error-free intervals between. This suggests 

the use of ARQ which requests retransmission when errors occur, and 

a greater degree of suppression of the vehicle to which the receiver 

is fitted than is normal for broadcast receivers. Error correcting 

codes could be used to overcome the residual errors, but the data 

throughput would become vei-y low if the codes had to cope with the 

error bursts caused by "rogue" noisy vehicles.

The additional mobile equipment used to verify the principle of 

sideband diversity and to measure the reduction in bit error rate 

possible with such a system included a high stability oscillator, 

independent sideband demodulator, sideband selector and 2 commercial 

modems. Any method of reducing the mobile equipmenc would make the 

diversity method much more attractive.

A phase locked demodulator would remove the necessity of a 

high stability oscillator, and if this demodulator could optimally 

combine the two sideband signals then the selection circuit and the 

additional modem would no longer be required. If diminished carrier 

or conventional AI4 transmitters are used the carrier component will 

periodically null to zero when two equal, but antiphase, signals are
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received. At this time, however, both sideband components are 

present and a carrier component can therefore be obtained using the 

Costas or 2F principle. Care would have to be taken to ensure that 

the sideband derived carrier component and the carrier component 

itself do not interact in such a way that the resultant signal 

nulls to zero at some RF phase angle other than l80°. It may then 

be possible to use this resultant signal to optimally demodulate the 

received signal.

Depending upon the method of data modulation, an automatic 

frequency control system may provide adequate frequency stability.

It may also be possible to synchronise the sideband switching with 

data transitions so that phase discontinuities, caused by the switching, 

do not introduce additional errors when only one moden is used. 

Alternatively, by using a special dual data demodulator the sideband 
combining could be made part of the data decision process.

The tolerance of FSK to the variety of channel impairments that 

are experienced is mobile radio communication systems commends its use 

for digital communication with mobiles. However, sideband diversity 

will provide a substantial reduction in error rate whichever method 

of data modulation is employed.
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